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Zusammenfassung
Ausgedehnte diffuse Radioquellen, sogenannte Radiohalos, Radiorelikte und Radio-
minihalos sind bisher in ungefähr 100 Galaxienhaufen bekannt. Diese Radioquellen
werden durch Synchrotronstrahlung der relativistischen Elektronen im Magnetfeld
des Haufengases verursacht. Über die Beschleunigungsmechanismen der Elektronen
auf relativistische Energien ist nur wenig bekannt. Beobachtungen bei niedrigen Ra-
diofrequenzen ermöglichen es, Rückschlüsse auf die Verteilung der bereits gealterten
relativistischen Elektronen zu ziehen. Dies erlaubt Einblicke in die Herkunft relativis-
tischer Elektronen im Haufengas und ihrer Rolle in der Entwicklungsgeschichte von
Galaxienhaufen. In dieser Arbeit wurden zehn Galaxienhaufen, bei denen sowohl klas-
sifizierte als auch nicht klassifizierte diffuse Radioquellen bekannt sind, im Rahmen
des WSRT 346MHz Legacy Surveys, untersucht. Mit der Himmelsdurchmusterung
konten in den Galaxienhaufen drei Radiorelikte und fünf Radiohalos bestätigt werden.
In einem Galaxienhaufen wurde der Radioreliktkandidat als Radiogalaxie klassifiziert.
Desweiteren wurde bisher unklassifizierte diffuse Radioemission mit bemerkenswerter
Morphologie in Abell 2069 entdeckt.
Abell 2069 ist ein Galaxienhaufen, der aus zwei Komponenten besteht, die im Rönt-
genbereich ein jeweils eigenes Helligkeitsmaximum zeigen. In der Hauptkomponente
des Galaxienhaufens ist ein Radiohalo sichtbar, während die zweite Teilkomponente
eine ausgedehnte Radioemission unbekannten Ursprungs mit sehr steilem Spektrum
aufweist. Daher wurden im Rahmen dieser Arbeit tiefe Beobachtungen dieses Gala-
xienhaufens mit LOFAR im Frequenzbereich von 120 bis 180 MHz und dem GMRT bei
322MHz und 608MHz durchgeführt. Die Untersuchungen wurden mit Archivdaten
des Röntgensatellits Chandra ergänzt.
Durch die Analyse der Daten konnte der Radiohalo in der Hauptkomponente von
Abell 2069 bestätigt und die Radioemission in der Teilkomponente als Radiominihalo
klassifiziert werden. Dabei finden sich Hinweise für die Existenz fossilen Plasmas
eines ehemalig aktiven galaktischen Kerns. Eine Diskontinuität im Haufengas („cold
front“) der Teilkomponente deutet auf Schwappen des Haufengases („gas sloshing“)
hin, das zu großräumiger Umverteilung von fossilem Plasma und Turbulenz führen
kann. Dabei kann das fossile Plasma auf relativistische Energien beschleunigt werden.
Diese Arbeit zeigt, dass Radiobeobachtungen bei niedrigen Frequenzen ein gutes
Instrument sind, um die internen Prozesse im Haufengas von Galaxienhaufen zu
studieren.

Abstract
Extended diffuse radio features, so-called radio halos, radio relics and radio mini-halos,
are found in about 100 galaxy clusters. The radio emission originates from relativistic
electrons suffering synchrotron losses in the magnetized intra-cluster medium. Little
is known about the mechanisms how electrons in the intra-cluster medium get acceler-
ated to relativistic energies. Observations at low radio frequencies permit the analysis
of the distribution of the population of aged relativistic electrons. This provides in-
sights into the origin of the relativistic electrons and their role in the galaxy cluster’s
evolution.
In this work, we analyzed, in the context of the WSRT 346MHz Legacy Survey, ten
galaxy clusters with already known diffuse radio sources and yet unclassified sources.
We confirm radio relics in three clusters, radio halos in five clusters, and classified a
radio relic candidate as a radio galaxy. Furthermore, we revealed radio features with
remarkable morphology in the galaxy cluster Abell 2069.
Abell 2069 is a complex merging galaxy cluster, which shows two distinct X-ray
peaks. The main cluster component evidently possesses a radio halo and the subcom-
ponent exhibits ultra-steep spectrum diffuse radio emission of uncertain nature. We
conducted follow-up observations on Abell 2069 with LOFAR in the frequency range
from 120 to 180 MHz. We complemented our investigation of Abell 2069 with GMRT
observations at 322MHz and 608MHz as well as with archival Chandra X-ray data.
Our analysis confirms the presence of a radio halo in the main cluster component.
Furthermore, we classify the diffuse radio emission in the subcluster as radio mini-
halo. We detected signatures of fossil plasma ejected during a former active phase
of an Active Galactic Nuclei in the subcluster. A cold front in the subcomponent
suggests the presence of internal gas sloshing, which could have induced bulk motions
and turbulence in the subcluster. Both mechanisms together may have redistributed
and re-accelerated the fossil plasma and caused the diffuse radio emission.
This work shows that deep radio observations at low frequencies are a powerful tool
for shedding light on the intrinsic dynamics of the intra-cluster medium in galaxy
clusters.
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1 Introduction
Clusters of galaxies are the largest gravitationally bound systems in the Universe.
The study of their history and their evolution is crucial for the understanding of the
hierarchical structure formation in the Universe.
Some galaxy clusters show spectacular diffuse synchrotron emission with low surface
brightness, observed at radio wavelengths, and extended up to Megaparsec scales.
These diffuse synchrotron sources are not related to any galaxy and are associated with
the intracluster medium (ICM). Depending on their morphology, size, and location
with respect to the possessing galaxy cluster, these sources are classified as radio
halos, radio mini-halos, and radio relics. They indicate the existence of magnetic
fields and relativistic electrons in the ICM. The presence of diffuse radio sources in
galaxy clusters caused a lively debate on their origin. Interestingly, these sources do
not appear to be common in galaxy clusters. In total, only about one hundred diffuse
radio sources have been discovered so far.
Present theoretical models suggest that radio halos and radio mini-halos originate
from re-acceleration of mildly relativistic seed electrons to highly relativistic energies
due to turbulence in the ICM. In contrast, radio relics trace shocks producing relativis-
tic electrons in the ICM. Turbulence as well as shocks in the ICM are induced by
galaxy cluster mergers. Thus studies at radio wavelengths of galaxy clusters are a
powerful instrument to get insights into the conversion of gravitational energy into
non-thermal energy. Since the observing frequency constrains the visible energy regime
of the relativistic electrons, the spectrum of the diffuse radio sources is a fundamental
observable. It provides information about the origin of the synchrotron radiation
emitting relativistic electrons. Unfortunately, obtaining a reliable spectrum of diffuse
sources at different frequencies spread over at least one order of magnitude is quite
challenging and therefore only available for a few bright diffuse sources so far. Most of
the diffuse radio sources have been discovered at a frequency of 1.4GHz and 610MHz
thanks to exhaustive observational campaigns with the Very Large Array (VLA) and
Giant Metrewave Telescope (GMRT), respectively. Hence, not much is known about
the properties and the frequency of occurrence of diffuse radio sources at frequencies
far below 1.4GHz.
Introduction
At low frequencies, radio observations allow deeper insights into the distribution
of the population of aged relativistic electrons, i.e. electrons which already suffered
synchrotron and inverse Compton losses. Therefore, measuring flux densities and
constraining morphologies of diffuse radio sources at low frequencies will help to
test current models. Due to low resolution a proper analysis of the flux density of
extended sources at low frequencies is difficult, i.e., many sources suffer from confusion
with embedded sources like active galactic nuclei (AGN) or radio galaxies. In re-
acceleration models radio halos and radio mini-halos are more common than presently
observed. Therefore, a population of so-called ultra-steep spectrum radio halos, if they
exist, e.g., in case of less violent merger events, have been highly missed by current
observations. The investigation of galaxy clusters in the low frequency radio regime
is thus necessary to complement the fundamental picture of the origin of relativistic
particles in the ICM and their role in the galaxy cluster’s evolution.
In this work, we investigate a large sample of galaxy clusters with known but only
little studied diffuse radio sources at low radio frequencies and analyze their spectrum
and their morphology with respect to observations conducted at higher frequencies.
We aim for a proper classification of these diffuse radio sources in order to discuss
them in the context of the current picture of the dynamics in galaxy clusters.
2
2 Diffuse radio emission in galaxy
clusters
To understand the origin of diffuse radio sources observed in galaxy clusters, a large
variety of aspects needs to be considered, ranging from large-scale structure formation
to plasma phenomena. First, the properties of galaxy clusters, their dynamical state,
and the processes related to the ICM, e.g., shock fronts and turbulence (Sec. 2.1), set
the scene and thus play a key role in the understanding of the origin of the diffuse radio
emission. Secondly, the spectrum and the morphology of the diffuse radio emission
represents the energy and the spatial distribution of the cosmic ray electron population
(Sec. 2.2), respectively. This is a powerful instrument to constrain the current models
of the origin of diffuse radio sources.
The subdivision of the diffuse radio emission in galaxy clusters into radio halos
(Sec. 2.3.1), radio relics (Sec. 2.3.2), and radio mini-halos (Sec. 2.3.3) is based on the
morphology and the location of these sources. The diversity of the diffuse radio sources
is an expression of the complexity of the physics present in the ICM. It is suggested
that the different classes of diffuse radio emission reflect different mechanisms of their
origin. Therefore, it is necessary to work out the particular characteristics of each
type of diffuse radio emission in order to confirm or falsify present models. The
currently favoured model for radio relics, the diffusive shock acceleration (DSA) model
(Sec. 2.4.1), as well as the models for radio halos and radio mini-halos, the turbulent re-
acceleration model (Sec. 2.4.3), and the hadronic collision model (Sec. 2.4.2), address
this challenge, whereas a set of major questions is still left open (Sec. 2.5).
2.1 The intracluster medium
Galaxy clusters are the largest gravitationally bound systems in the Universe and
show a typical diameter of 1 to 10Mpc. They consist of up to hundreds of galaxies
(e.g., Abell, 1958; Abell et al., 1989) and their mass ranges from 1013 to 1015M⊙.
Only ∼20% of the mass is in the form of baryonic matter which is composed of
hot ionized gas, the ICM (∼15%), and condensed matter in galaxies (∼5%), e.g.,
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stars. Dark matter, which contributes to ∼80% of the total mass, provides the
dominant gravitational potential of any galaxy cluster. Dark matter filaments govern
the structure of the Universe on the largest scales. The gravitational attraction of the
dark matter filaments leads to the formation of the “cosmic web” (Jöeveer et al.,
1977; Springel et al., 2005). Galaxy clusters reside at the nodes or intersections
of the dark matter filaments and are formed by hierarchical structure formation
processes (Kravtsov and Borgani, 2012). They evolve through accretion of galaxies
and merging with smaller or larger groups of galaxies or clusters. Major mergers of
galaxy clusters are among the most energetic events in the Universe (Sarazin, 2002)
with typical collision velocities of the order of 2000 km s−1. They generate shock
waves which subsequently heat the ICM and may inject turbulence in the ICM (Ryu
et al., 2008). This dissipation heats the ICM up to temperatures of 106 to 108K. At
such high temperatures the ICM is almost fully ionized and thermal bremsstrahlung
is dominating the emission in the X-ray regime, with integrated luminosities of LX ∼
1043 . . . 1045 ergs s−1 (see, e.g., Sarazin, 2008, for a review). The X-ray radiation from
the thermal bremsstrahlung is the main process for cooling the ICM. The X-ray volume
emissivity IX along the line of sight scales with the product of the electron and ion
particle density. Assuming a galaxy cluster with a uniform temperature distribution
and a uniform metal abundance, and thus a constant electron to proton ratio, the
X-ray volume emissivity jX traces the particle number density of the ICM nICM
jX ∝ n2ICM. (2.1)
The particle number density of the ICM is decreasing with increasing distance from
the cluster’s core, ranging from 10−4 cm−3 at the cluster outskirts to 10−2 cm−3 at
the cluster’s core.
Galaxy cluster mergers still occur in our present and observable Universe. Recent
merger episodes are indicated by a disturbed X-ray surface brightness distribution as
well as a complex X-ray temperature distribution (Honda et al., 1998; Rossetti et al.,
2004).
In our nearby Universe (z ≲ 0.5) the majority of galaxy clusters found appear to be
in a “relaxed” state, so-called cool core clusters (see, e.g., Mann and Ebeling, 2012).
They show an enhanced X-ray luminosity peak at the center and a significant drop
in the temperature distribution (De Grandi and Molendi, 2001). This is due to the
high density in the core which substantially shortenes the radiative cooling time tcool
(see, e.g., Bharadwaj et al., 2014). This causes a severe and more rapidly accelerating
energy loss of the ICM (“cooling flow”) which needs to be balanced out (Fabian, 1994).
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At the bottom of the relaxed galaxy cluster’s potential well a brightest cluster
galaxy (BCG) is settled. The BCG is usually a very massive elliptical galaxy which is
believed to grow in the galaxy cluster’s core from galaxy mergers through cannibalism
due to dynamical friction (Ostriker and Hausman, 1977). AGN activity of the BCG
(so-called “AGN feedback”) in the cool core cluster is a candidate to provide sufficient
amount of energy for heating the ICM and to balance the cooling (see, e.g., Voit, 2005;
Böhringer and Werner, 2010).
2.2 Cosmic rays and synchrotron emission
It is believed that a small fraction of the energy dissipated from matter accretion
during structure formation is channeled into non-thermal ICM components, e.g.,
relativistic particles, in the following called cosmic rays (see, e.g., Brunetti and Jones,
2014, for a review). Faraday Rotation Measure (RM) analysis of polarized galaxies
inside or behind the galaxy cluster (Govoni and Feretti, 2004) revealed the presence
of magnetic fields in galaxy clusters. The magnetic field strength is estimated to be
around 0.1 to 1 μG (Ryu et al., 2008) and might reach values of about 10 μG in the
center of cool core clusters (Carilli and Taylor, 2002).
The synchrotron emission is caused by cosmic ray electrons spiralling around mag-
netic field lines. The synchrotron spectrum of a single particle is a continuum which
peaks close to its critical angular frequency ωc
ωc =
3γ2qB sin η
2m
, (2.2)
where γ =
√
1− β2−1 (β = v c−1) is the Lorentz factor of a cosmic ray particle, q its
charge, m its mass, and η the pitch angle between the direction of the magnetic field
B⃗ of the ICM and the particle’s velocity v⃗ (see, e.g., Govoni and Feretti, 2004; Feretti
and Giovannini, 2008). So, with increasing magnetic field strength B less-energetic
cosmic ray particles mostly contribute to the synchrotron emission at a given observing
frequency. Typically, cosmic ray electrons with a Lorentz factor γ > 104 are observed
at radio frequencies between ν ∼ 102 and 104MHz in galaxy clusters with a magnetic
field strength in the regime of ∼ μG. In the case of a power-law energy distribution,
the number density n of cosmic ray electrons in the energy regime between γ and
γ + dγ is given as
n (γ) dγ ∝ γpdγ, (2.3)
where p is the index of the cosmic ray electron population. The spectral flux density
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Sν in the frequency range between ν and ν + dν varies with
Sν ∝ να, (2.4)
where the spectral index α is related to the index of the electron population.
α =
p+ 1
2
. (2.5)
A constant spectral index of the observed synchrotron emission over a larger frequency
range thus implies a power-law energy distribution of the cosmic ray particles over the
corresponding range in energy. The total emitted power P of an accelerated charged
cosmic ray particle strongly depends on its Lorentz factor, the magnetic field strength
of the ICM, and the particle’s mass
P ∝ γ
2B2
m2
. (2.6)
Furthermore, highly-relativistic electrons also suffer from Inverse Compton (IC) scat-
tering with cosmic microwave background (CMB) photons
PIC ∝ γ2UCMB, (2.7)
where UCMB denotes the energy density of the CMB. Higher energetic particles are
thus cooling significantly faster than those of lower energy. This process is called
“particle aging” and is visible through spectral breaks at frequencies higher than the
corresponding “cutoff frequency” or it is visible as a curved spectrum. Thus, in case of
a magnetic field strength of the order of ∼ μG, spectra of highly relativistic electrons
(with energies of ∼GeV) should become curved if there is no continuous particle
injection at timescales of ∼ 0.1Gyr (Enßlin et al., 2011). Intrinsically, synchrotron
emission of a power-law cosmic ray electron population in a uniform magnetic field is
linearly polarized to a degree of
Π =
1− p
7
3 − p
(2.8)
integrated over all frequencies and electron energies. A typical spectral index for
synchrotron sources is α ≈ −0.8 (see, e.g., Williams et al., 2016) and therefore p ≈
−2.6 which corresponds to a high degree of intrinsic polarization of Π ≈ 73%.
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2.3 Observational classification of diffuse radio sources
2.3.1 Radio halos
Radio halos are diffuse extended radio sources which often show a regular and smooth
shape with an extent of about ∼ 1Mpc centered at the associated galaxy cluster, see,
e.g., the radio halo in Abell 2163 in the upper panel of Fig. 2.1. Radio halos are not
significantly polarized. Only upper limits for the degree of polarization down to a few
percent have been derived (Feretti et al., 2001; Bacchi et al., 2003). Feretti et al. (2012)
reported 42 radio halos and Yuan et al. (2015) published the most comprehensive list
of 59 radio halos. For galaxy clusters with radio halos, the more X-ray luminous
galaxy clusters, and therefore the more massive galaxy clusters, tend to possess more
powerful radio halos (Cassano, 2010; Cassano et al., 2013). This is called the “radio -
X-ray luminosity correlation” and is usually given for radio luminosities at a reference
frequency of 1.4GHz, see lower panel in Fig. 2.1. Furthermore, there are only a few
faint galaxy clusters known that possess radio halos (Giovannini et al., 2009, 2011;
Brown et al., 2011a). The spectra of radio halos follow a power-law and are thus
believed to resemble synchrotron emission caused by a power-law energy distribution
of cosmic ray electrons. The spectral indices of radio halos vary greatly, but are
always steep (α ≲ −1). Some of them even show ultra-steep (α ≲ −1.7) spectra
(see, e.g., Feretti et al., 1997a; Bacchi et al., 2003; Dallacasa et al., 2009) and are less
luminous than expected from the radio -X-ray luminosity correlation at a reference of
1.4GHz (Venturi, 2011). Because of a lack of integrated spectra measured over a larger
frequency range, especially above 1.4GHz and below 400MHz, the spectral properties
of radio halos are only marginally known (Feretti et al., 2012). More radio halos, in
particular ultra-steep ones, are expected to be discovered with the advent of high-
sensitivity low frequency radio telescopes like the Low Frequency Array (LOFAR).
For only a few radio halos so far a spatially resolved spectral index analysis was
performed, because of the need of high sensitivity observations at several frequencies
at the same resolution to perform it. These spectral index maps allows one to reveal
the existence of patches of steeper (see, e.g., radial steepening in Giovannini et al.,
1993; Feretti et al., 2004b) and flatter spectra, reflecting areas in which the radiating
particles significantly lose or gain energy, respectively (Pizzo and de Bruyn, 2009).
Feretti et al. (2004a) and Orrú et al. (2007) found evidence that the spectrum of the
radio emission is flatter in case of a hotter ICM and is thus related to the amount
of energy dissipated in the ICM. Another evidence for the direct connection between
the thermal and the non-thermal components of the ICM is the spatial correlation
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Figure 2.1: Upper panel: Map of the radio halo in Abell 2163 as observed with
the VLA at 1.4GHz. The radio contours are overlaid on the XMM-
Newton image in colorscale (Feretti et al., 2001; Arnaud, 2008). Lower
panel: Radio halo power at 1.4GHz P1.4GHz versus X-ray luminosity L500
adapted from Cassano et al. (2013). Black dots indicate radio halos, blue
dots indicate radio halos from the Extended GMRT Radio Halo Survey
(EGRHS) (Kale et al., 2013), and green asterisks indicate ultra-steep
spectrum radio halos. The arrows indicate the upper limits of non-
detections, where cool core clusters are shown in magenta. The solid
black (green) line represents the best fit (including ultra-steep spectrum
radio halos). The dashed area represents the 95% confidence region.
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between the X-ray and radio surface brightness of radio halos (Govoni et al., 2001a,
2009).
The existence of radio halos raised the question about their origin. Especially, the
origin of the highly relativistic electrons and the origin of the cluster’s large-scale
magnetic field play a key role in understanding the creation of radio halos. The fact
that no significant polarization has been detected in radio halos suggests the presence
of internal depolarization along the line-of-sight (LoS) or beam depolarization, which
means that the magnetic field lines are disordered on scales smaller than the observing
beam (Feretti and Giovannini, 1996). Moreover, relativistic electrons are suffering
Coulomb losses (γ ≲ 104) as well as synchrotron and IC scattering losses with the
CMB photons (γ ≳ 104). The radiative lifetime is estimated to be of the order
of ∼ 108 yr at typical energies of ∼ 1GeV (visible at ∼GHz frequencies) and ∼ μG
magnetic field strengths (Sarazin, 1999). On the other hand, relativistic electrons
need about the Hubble time to diffuse on Mpc-scales of galaxy clusters (Blasi et al.,
2007). Therefore, it can be ruled out that the radiating electrons are produced at a
certain location of the cluster and propagate through the entire cluster volume (Feretti
et al., 2012) (“diffusion problem”).
Observations have shown that radio halos are found in dynamically disturbed galaxy
clusters that recently undergo a major merger (Cassano et al., 2010; Akamatsu et al.,
2012). On the other hand, radio halos are not present in all merging galaxy clusters
(Russell et al., 2011). Bonafede et al. (2014b) reported about the cool core cluster
CL1821+643 as a first potential candidate for a radio halo in a relaxed system. The
dichotomy of the merging galaxy cluster population in terms of the occurrence of radio
halos (“radio halo dichotomy”) is not well understood.
2.3.2 Radio relics
Radio relics are also steep spectrum (α ≲ −1) diffuse extended radio sources with low
surface brightness and a largest linear size (LLS) of about ∼ 1Mpc. In contrast to
radio halos, radio relics are usually located at the periphery of galaxy clusters, typically
at distances between 0.5 and 1.5Mpc to the galaxy cluster center. They often show
an elongated morphology, where the semimajor axis is roughly perpendicular to the
direction of the galaxy cluster center. Typically, their surface brightness profile shows a
sharp edge outwards. Therefore, radio relics probe the ICM and the magnetic fields of
galaxy clusters in the low-density environment of the galaxy cluster outskirts. Feretti
et al. (2012) have reported 50 radio relics in 39 galaxy clusters. About every fourth
radio relic system is a double radio relic system where the radio relics are typically
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located on opposite sides of the galaxy cluster (see, e.g., Rottgering et al., 1997). Shock
fronts with moderately high Mach numbers M ∼ 1 . . . 3, detected as X-ray surface
brightness and temperature jumps, propagating outwards to the cluster’s periphery
have been detected in merging galaxy clusters (Markevitch et al., 2002; Russel, 2010;
Owers et al., 2014). Hereby, the Mach number is defined as M = vshock · c−1sound,
where vshock denotes the speed of the shock front and csound the upstream sound
speed. Often those shock fronts coincide with radio relics (Finoguenov et al., 2010;
Ogrean et al., 2013; Botteon et al., 2016b) seen roughly edge-on, suggesting a direct
connection between the injection of cosmic ray electrons with their corresponding
shocks. Nevertheless, there are also shock fronts detected without the presence of
a radio relic (Russell et al., 2011). Furthermore, radio relics show a high degree of
polarization (up to∼ 50%) often perpendicular to the radio relic’s elongation (see, e.g.,
Clarke and Ensslin, 2006; van Weeren et al., 2010). Observations also provide evidence
for spectral steepening towards the cluster center (Giacintucci et al., 2008; van Weeren
et al., 2012), indicating a population of freshly injected cosmic ray electrons at the
outer edge of the radio relic. They are aging while the shock front is further traveling
outwards. The radio relic in the galaxy cluster CIZAJ2242.8+5301 (van Weeren et al.,
2010) is a “textbook example” of a radio relic (see Fig. 2.2).
2.3.3 Radio mini-halos
Radio mini-halos are steep spectrum (α ≲ −1) low surface brightness diffuse extended
radio sources which are also associated to the ICM. They have these properties
in common with radio halos. In contrast to radio halos, they are less extended
(≲ 500 kpc), comparable to the size of the galaxy cluster core. Feretti et al. (2012)
reported 11 radio mini-halos and Yuan et al. (2015) listed 19 radio mini-halos.
The fact that they are typically discovered in cool core galaxy clusters rather than
in merging galaxy clusters challenges the idea that radio mini-halos are just a “small
version” of a radio halo. Interestingly, cold fronts have been detected in some galaxy
clusters that show a radio mini-halo (Mazzotta and Giacintucci, 2008). Cold fronts are
sharp contact discontinuities between hot gas and colder, denser gas with both sides
being in pressure equilibrium (see, e.g., Forman et al., 2002). There is evidence of
large-scale motion of the cold gas in the core regions in cool core galaxy clusters (see,
e.g., Sanders et al., 2009). The cool core cluster could have been disturbed through
minor or off-axis cluster mergers (Ascasibar and Markevitch, 2006) where the cool core
has survived partially (Markevitch et al., 2000; Vikhlinin et al., 2001; Churazov et al.,
2003). Such mergers might displace the dark matter core from the cool gas and initiate
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Figure 2.2: The radio relic in CIZAJ2242.8+5301 (van Weeren et al., 2010). Upper
panel: Spectral index map (van Weeren et al., 2010). Lower panel:
Polarization map showing the E⃗-field distribution.
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the so-called spiral-shaped “gas sloshing” (Markevitch and Vikhlinin, 2007), which is
also detected in some galaxy clusters possessing radio mini-halos (Clarke et al., 2004;
Sanders et al., 2009). In some cases the edge of the radio mini-halo emission agrees
with the cold front (Giacintucci et al., 2014).
Murgia et al. (2009) have introduced and measured the volume-averaged radio
emissivity for several radio halos and radio mini-halos (see equation 5.6). In their work,
radio mini-halos show a wide span of the observed synchrotron emissivity, whereas
radio halos show a rather constant radio emissivity, see Fig. 2.3. It is discussed whether
Figure 2.3: Fitted central brightness I0 of radio halos (blue triangles) and radio mini-
halos (red dots) versus the fitted e-folding radius re adapted from Murgia
et al. (2009), see also equation 5.7. The dotted curves indicate regions
of constant emissivity. The comparison is done by assuming a redshift
of z = 0.18 and a spectral index of α = −1. The dashed line represents
the detection limit at z = 0.18 observed with a beam of 25 arcsec and a
sensitivity level of 25 μJy beam−1 and the dot-dashed line represents the
3σ level of the NRAO VLA Sky Survey (NVSS).
the central AGN might power radio mini-halos (Govoni et al., 2009; Giacintucci et al.,
2014). Fujita et al. (2007) argued that the wide span of the observed synchrotron
emissivity for radio mini-halos could be explained by the central AGNs powering the
radio mini-halos. All galaxy clusters possessing radio mini-halos known so far host
central powerful AGNs.
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But still, even radio mini-halos with a size of ∼ 50 kpc suffer from the diffusion
problem (see Sec. 2.3.1), since the highly magnetized high density central region of
cool core clusters shows a large diffusion time for cosmic ray electrons (Giacintucci
et al., 2014). Therefore, radio mini-halos can not be simply explained with outflows
of strong AGNs that have been diffused into the ambient medium.
Furthermore, radio mini-halos should not be confused with AGN outflows which
create large cavities in the ambient ICM, the so-called “radio bubbles” (see, e.g.,
Blanton et al., 2011).
2.4 Origin of cosmic ray electrons
2.4.1 Diffusive shock acceleration
Fermi (1949) presented a theory where cosmic rays are produced by collisions of
charged particles against moving magnetic fields in a collisionless plasma, i.e., particles
diffusing through an area of randomly moving magnetized “clouds” are more likely to
experience a “head-on” encounter than a “head-tail” encounter, which thus leads to net
acceleration. Since the energy gain per particle per scattering in this scenario is scaling
with the magnetized cloud velocity ∝ β2cloud, this process is called “second-order Fermi
acceleration”. Shocks propagating through the galaxy cluster, e.g., as a consequence
of merger activities or matter accretion, also permit such kind of diffusive acceleration
(Blandford and Eichler, 1987; Gabici and Blasi, 2003). The infall velocities of the
subclusters are comparable to their escape velocities, i.e., the kinetic energy of the
infalling subclusters is slightly larger than the gravitational potential. This results
in moderately supersonic shocks in merging galaxy clusters (Sarazin, 2008). Shocks
then compress and heat the “downstream” area. Charged particles diffusing across the
shock are temporarily trapped in a converging flow and repeatedly reflected between
the “upstream” and the “downstream” area, yielding to a gain in energy with every
reflection ∝ βshock, until they eventually escape into the downstream area (Baring,
1997). The DSA model is a “first order Fermi acceleration” model. According to
the DSA model, shock fronts are able to accelerate electrons to relativistic energies
(Enßlin et al., 1998; Hoeft et al., 2008; Kang and Ryu, 2013) with a power-law energy
spectrum of the injection index pinj
pinj = 2
1 +M2
1−M2 , (2.9)
compress magnetic field lines, and align them with the shock front (Brüggen et al.,
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2012), as suggested from polarization measurements of radio relics (see Sec. 2.3.2).
Thus, the spectral index of the leading edge of a radio relic (“injection spectral index”)
is a direct measure of the shock front’s Mach number (see equation 2.5). For a simple
planar shock model, where the electron cooling time is much shorter than the lifetime
of the shock, the volume integrated spectral index is steeper than the injection spectral
index αint = αinj − 12 (Ginzburg and Syrovatskii, 1969). For strong shocks M→∞
the flattest observed integrated spectrum is thus limited to αint = −1. The short
radiative lifetime of cosmic ray electrons leads to a steepening of the radio spectrum
in the downstream area with increasing distance to the shock front. The maximum
travel distance from the shock limits the transverse size of radio relics to ∼ 100 kpc
(Brunetti and Jones, 2014).
Applying the DSA model to the radio spectra, the inferred Mach number is much
higher than typically measured from X-ray data (see, e.g., Pinzke et al., 2013; Vazza
and Brüggen, 2014; van Weeren et al., 2016a), i.e. for the DSA model the production
of cosmic ray electrons from the thermal pool is much less effective, especially for
weak shocks. It is thus speculated that AGNs in radio galaxies might provide a pool
of relativistic seed electrons, which are re-accelerated at the shock. Following this line
of reasoning, Bonafede et al. (2014a) proposed a physical connection between lobes of
a radio galaxy and radio relics.
2.4.2 Hadronic collisions
In the “hadronic” model (see, e.g., Dennison, 1980; Blasi and Colafrancesco, 1999)
secondary relativistic electrons, causing the observed power-law synchrotron emission,
are injected into the ICM after a decay chain produced by inelastic collisions of cosmic
ray protons with thermal nuclei of the ambient ICM:
p+ + p+ → π0 + π± + . . . . (2.10)
The neutral pion π0 is immediately decaying into gamma rays, whereas the charged
pions π± decay into a set of neutrinos and relativistic electrons (Pfrommer and Enßlin,
2004). The cosmic ray protons also need to be injected during the structure formation
history of the cluster, e.g., due to merger and accretion shocks (Colafrancesco and
Blasi, 1998), AGNs (Enßlin et al., 1997) or star formation (Völk et al., 1996). Since
cosmic ray protons are of higher mass than electrons, synchrotron (see equation 2.6)
and IC scattering losses are negligible. They mainly lose energy via hadronic collisions
(Blasi et al., 2007) of protons with energies ≳ 1GeV. Thus, their radiative lifetime is
of the order of the Hubble time (Berezinsky et al., 1997). Therefore, the population
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of cosmic ray protons should have been accumulated over cosmological timescales and
are able to diffuse on galaxy cluster scales (Enßlin et al., 2011).
Thus radio halos should be present in virtually all galaxy clusters without a spatial
dependence of the spectral index (Feretti et al., 2012). This is ruled out by the presence
of the radio halo dichotomy. The density of cosmic ray protons in galaxy clusters can
be directly measured through the γ-ray flux density. Current upper limits of the γ-ray
emission in nearby galaxy clusters severely challenge the hadronic scenario (Brunetti,
2009; Ackermann et al., 2010, 2014; Brunetti et al., 2012; Zandanel and Ando, 2014).
The hadronic model is still discussed for radio mini-halos. Here, recent simulations
show that gas sloshing in cool core clusters (see Sec. 2.3.3) might be able to amplify
the magnetic field significantly (ZuHone et al., 2015), i.e. the amount of secondary
relativistic electrons needed to cause radio mini-halo emission of a certain flux density
is less than expected. Therefore, the expected γ-ray emission from hadronic collisions
is lower than the current FERMI-limits (Pfrommer and Enßlin, 2004).
2.4.3 Turbulent re-acceleration
Radio halos occur in merging galaxy clusters, see Sec. 2.3.1. Simulations show that
a signifcant fraction (≳ 10%) of the energy dissipated in the ICM during a merger is
injected in turbulence (Cassano and Brunetti, 2004). In the turbulent reaccleration
scenario, cosmic ray electrons are re-accelerated to highly relativistic energies (up
to γ ∼ 105) via magnetohydrodynamic (MHD) turbulence present on Megaparsec
scales driven by major mergers (mass ratio roughly similar or less than two) of galaxy
clusters (Brunetti et al., 2001; Cassano and Brunetti, 2005). Turbulent re-acceleration
is a second order Fermi process and is efficient for a pool of mildly relativistic electrons
(γ ∼ 103) (Fujita et al., 2003; Petrosian and East, 2008). These seed electrons
(“primary electrons”) need to be injected, e.g., during the cluster formation history
or from AGN and star formation activities like supernova remnants (Blasi et al.,
2007). Since the electron cooling time at such energies is rather short (∼ 0.1Gyr)
(Enßlin et al., 2011) the radio halo emission should be connected to recent ongoing
merger events (up to ∼ 1Gyr) (Kuo et al., 2004) and should show a steepening of the
synchrotron spectrum at high frequencies (Petrosian, 2001; Brunetti, 2004). If radio
halo emission emerges from turbulence one would expect a complex spatial spectral
index distribution of radio halos where hotter parts of the ICM are connected to
regions of flatter spectral indices. The presence of ultra-steep spectrum radio halos
can be explained by the re-acceleration scenario in cases where the turbulent energy
has decreased, so that the efficiency of the electron re-acceleration drops significantly.
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Simulations show that MHD turbulence can also be produced in the inner sloshing
cores of cool core galaxy clusters (Fujita et al., 2004; ZuHone et al., 2011). In
combination with magnetic field amplification turbulent re-acceleration in sloshing
cores can cause radio mini-halos strictly confined within the sloshing core’s boundaries
(ZuHone et al., 2013).
However, the turbulent reaccleration scenario relies on the presence of a cluster-wide
population of mildly relativistic seed electrons. It has not been demonstrated yet that
structure formation shocks provide the necessary abundance of seed electrons (Pinzke
et al., 2015). On the other hand, “hybrid models” claim that major mergers of galaxy
clusters can accelerate primary and secondary electrons (Miniati et al., 2001) which
subsequently serve as seed electrons (Brunetti and Lazarian, 2011).
2.5 Open questions
There has been much progress in the last decades regarding the investigation of the
origin of radio halos, radio relics, and radio mini-halos.
Thanks to a larger sample of objects and more sensitive observations the distinction
between different types of diffuse radio emission and their characterization has signi-
ficantly improved. The connection of radio halos with ongoing merger events is very
well established and ultra-steep radio halos have been discovered. This strongly favors
the turbulent re-acceleration model for the origin of radio halos (see Sec. 2.4.3). There
is evidence that radio relics are created at shock fronts through DSA in the ICM in
the aftermath of a merger. Radio mini-halos are often significantly smaller than radio
halos and are found in cool core clusters. The presence of cold fronts in some of the
galaxy clusters with radio mini-halos suggests the scenario of turbulent re-acceleration
in the sloshing motion of the core.
Still many questions remain. The turbulent re-acceleration scenario for radio halos
needs cluster-wide mildly relativistic seed electrons for the re-acceleration process.
Their origin is still debated. Furthermore, Donnert et al. (2013) suggested that
the radio halo dichotomy resembles different evolutionary states of radio halos. The
gap in the transient region of the radio -X-ray correlation should be slowly filled by
the detection of radio halos, especially of ultra-steep spectrum objects, at low radio
frequencies (Knowles et al., 2016). The Mach number derived from radio relics at shock
fronts is much higher than the Mach number derived from X-ray observations. This
discrepancy raised the question whether there is the need of a pool of mildly relativistic
electrons that are re-accelerated through DSA (see Sec. 2.4.1) at the location of the
radio relic. In case of radio mini-halos in cool core clusters the origin is basically
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unknown. Mini-halos might be primarily of hadronic origin, whereas radio halos could
experience a transition from a central hadronic emission state to a re-acceleration state
where the seed electron population is of hadronic and fossil origin (Zandanel et al.,
2014). Nevertheless, a hadronic emission should be present in all galaxy clusters
at some level (Brown et al., 2011b), but this has not been detected yet by current
instruments. Moreover, since most observational efforts were put on X-ray luminous
galaxy clusters, not much is known about less massive systems.
Low radio frequency observations will help to trace the older electron population,
and hence complement the current picture of diffuse radio sources. To confirm these
models wideband high sensitivity and multi-resolution radio observations of a large
sample of targets are needed.
2.6 Basic cosmological quantities
Since galaxy clusters are located at cosmological distances we need to take into account
the effects of the expanding Universe in order to determine the spectral luminosity Lν
and the transverse size d˜ of the X-ray and the radio emission in the galaxy cluster’s
frame. The luminosity distance DL is defined as
S0 =
L
4πD2L
, (2.11)
where L is the bolometric luminosity in the galaxy cluster’s frame and S0 is the
measured bolometric flux density in the observer’s frame. Measuring the flux density
within a finite bandwidth, the frequency band ∆ν0 in the observer’s frame is shifted
with respect to the frequency band ∆ν of the emission in the galaxy cluster’s frame
S0,ν∆ν0 =
Lν∆ν
4πD2L
=
Lν (1 + z)∆ν0
4πD2L
, (2.12)
where S0,ν is the spectral flux density in the observer’s frame and Lν the spectral
luminosity in the galaxy cluster’s frame.
For a radio source with a power-law spectrum (see equation 2.4) of a spectral index
α we finally get
Lν = 4πD
2
L (1 + z)
−(1+α) S0,ν . (2.13)
For small angles sinϑ ≈ ϑ the measured angular size of an astronomical object ϑ is
ϑ =
d˜
DA
, (2.14)
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where DA is the angular size distance. For nearby sources (z ≪ 1) the luminosity
distance and the angular size distance correspond to the geometric distance in an
Eucledian space.
The luminosity distance and the angular size distance are functions of redshift
and the chosen cosmological model. The current cosmological standard model is
the Lambda Cold Dark Matter (ΛCDM) model. It is a Big Bang cosmology that
incorporates the cosmological constant Λ, leading to an accelerated expansion of the
Universe (usually referred to as “dark energy”), and the presence of dark matter which
is said to be “cold” referring to its non-relativistic speed (for a comprehensive overview
see, e.g., Schneider, 2015). In this model the distance of objects are computed through
dimensionless parameters describing the energy density Ωk of a certain species k at the
present day. The total energy density of a spatially flat Universe is set to 1. A recent
determination of cosmological parameters have been performed with Planck through
mapping the CMB at high resolution and high sensitivity (Planck Collaboration et al.,
2016). The observations confirm that the Universe is essentially flat and dominated
by the total matter energy density Ωm = 0.308 ± 0.012 and the dark energy density
ΩΛ = 0.692 ± 0.012. The Hubble constant has been determined to be H0 = 67.8 ±
0.9 km s−1Mpc−1.
The density at which the Universe is flat is called the critical density ρc. Often the
X-ray luminosity of galaxy clusters is only integrated up to the radius within which
the mean over-density of the cluster is 500 times the critical density ρc at the cluster
redshift. We denote this luminosity as L500.
Throughout this work we assume a ΛCDM cosmology with the Hubble constant
H0 = 70 km s−1Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.
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Radio halos, radio mini-halos, and radio relics are sources of low surface brightness
(∼ μJy arcsec−2), steep spectrum, and often with a large extent (∼ 1 . . . 10 arcmin).
Single-dish radio telescopes like the Green Bank Telescope (GBT) or the 100-m Effels-
berg telescope are therefore well suited to investigate diffuse radio emission with a large
extent. Since individual compact radio sources are often embedded in the diffuse radio
emission, it is necessary to isolate and subtract them in order to properly measure the
flux density, the morphology and even the steep spectrum of a diffuse radio source.
Unfortunately, single-dish radio telescopes are often limited by a high confusion due to
their large beam size. It might prevent a proper discrimination between compact and
extended sources. The drawback of the high confusion of single-dish radio telescopes is
even more serious at low frequencies (ν < 1.4GHz), since the beam size increases with
longer wavelengths. Radio interferometers (Sec. 3.1) provide a much higher resolution
than single-dish radio telescopes, but always have a largest angular scale they can
recover.
For the purpose of the analysis of diffuse radio sources a radio interferometer should
provide high sensitivity for extended low surface brightness emission as well as high
resolution imaging to identify individual sources. In the case of radio interferometers,
this is realized by using broadband receivers to increase sensitivity and a sufficient
amount of short baselines to increase the largest angular scale the telescope is sensitive
to.
The Westerbork Synthesis Radio Telescope (WSRT) (Sec. 3.2.1) was able to offer
high quality radio observations in the low frequency regime at ∼ 346MHz for quite a
while. The low frequency receivers of the WSRT were decommissioned in 2013. Thus,
deep observations of ten galaxy clusters with already known or not yet classified diffuse
radio sources were performed (Sec. 3.2.2). With respect to the total amount of known
sources (∼ 100) the analysis of this large sample of galaxy clusters at low frequency
allows us to gather new information on these diffuse radio sources.
During this analysis, the galaxy cluster Abell 2069, as introduced in Sec. 5, showed
previously undetected diffuse radio features. That’s why a dedicated follow-up cam-
paign with the GMRT (Sec. 3.3.1) and the LOFAR High Band Antennas (HBA)
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(Sec. 3.3.2) was initiated (Sec. 3.3.3). The LOFAR telescope is part of a new generation
of radio telescopes. It is capable of imaging at very high resolution (≲ arcsec) at very
low frequencies (∼ 150MHz) with an unprecedented sensitivity to large-scale emission
using as one of the first telescopes a broad frequency range (fractional bandwidth of
∼ 50%) and a dense core of short baselines.
The main caveat is that in order to analyze and create maps out of radio interfero-
meter data, one needs to apply the synthesis imaging technique (Sec. 3.4). Since
a radio interferometer consists of a finite amount of antennas, the information the
instrument provides is always incomplete. Therefore synthesis imaging can only
provide one possible interpretation of the sky which matches the observed data.
The data from classical radio telescope interferometers like the WSRT and the
GMRT can be basically analysed with a set of well established basic tools for the
mitigation of radio-frequency interference (RFI), calibration and imaging (Sec. 3.5).
Since LOFAR is a broadband instrument with a large field of view (FoV) and consists
of phased arrays without any moving components, calibration and imaging is challen-
ging (Sec. 3.6.1). In particular, an imperfect modelling of the direction- and time-
dependent LOFAR beam causes amplitude variations over the entire FoV. Furthermore,
at low frequencies the phase distortions of radio signals penetrating the earth’s iono-
sphere become severe in the LOFAR wavelength regime. This requires the development
of new calibration strategies (Sec. 3.6.2 and 3.6.3).
Moreover, we complemented our analysis by using Chandra Advanced CCD Imaging
Spectrometer (ACIS)-I archival data in order to compare the diffuse radio sources with
the extended X-ray emission of the ICM (Sec. 3.7).
3.1 Fundamentals of radio interferometry
The “two-element interferometer” is the simplest realization of a radio interferometer,
consisting of two receiving elements (“antennas”) separated by the baseline b⃗, see
Fig. 3.1. If both antennas receive a signal from the direction s⃗ of an infinitely distant
radio source, this signal experiences a geometric delay τg = b cos θ · c−1 at the second
antenna with respect to the first antenna, where b is the baseline length and θ the angle
between the source and the normal to the baseline vector b⃗. For simplicity we assume
very narrow-band receivers at the frequency ν. Both signals are amplified and their
voltage outputs are then multiplied with each other. Afterwards the signal is averaged
in time t, typically to the order of seconds. This process is called “correlation” and its
output is the “response” r (τg) of the system. The geometric delay varies slowly while
the earth rotates or rather the source is moving across the sky and leads to a fringe
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Figure 3.1: Sketch of a two-element radio interferometer adapted from Taylor et al.
(1999).
pattern of the correlator response. In order to keep the geometric delay constant
for a particular reference position in the sky, another constantly adjusted delay τi
is introduced in one of the signal paths, regardless of the fact that the receivers
have a finite bandwidth and signals are averaged in time. This direction is referred
to as the “phase reference center” s⃗0. This final processed system response is then
called “visibility” (see, e.g., Wilson et al., 2013, for a comprehensive overview). A
typical radio interferometer (“array”) is composed of spatially separated and often
identical antennas and can be decomposed into several two-element interferometers.
For an ideal interferometer the visibility Vjk (u,v,w) depends on the sky brightness
distribution, I (l,m), according to
Vjk (u,v,w,t) =
∞x
−∞
I (l,m)
√
Aj (l,m, t)Ak (l,m, t)√
1− l2 −m2 e
−2πi[ul+vm+w(
√
1−l2−m2−1)]dldm,
(3.1)
where l,m are the direction cosines in the plane of sky measured from the phase
reference center with respect to the u,v axes, and Aj (l,m, t) is the time-dependent
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reception pattern (“primary beam”) of antenna j. The baseline between antenna j and
Figure 3.2: Sketch of the (l,m, n) and (u, v, w) coordinate systems in order to
parameterize the baselines of the interferometer array and the sky
brightness distribution with respect to the phase reference center,
respectively. A surface element in the (l,m, n) coordinate system is
denoted with dΩ. The sketch is adapted from Taylor et al. (1999).
antenna k is projected into a coordinate system with the dimensionless components
(u,v,w), where the u-component points to the east and the v-component points to the
north. The (u, v)-plane is orthogonal to the direction of the phase reference center,
i.e. the w-component of a baseline can be derived as
w =
b⃗ · s⃗0
λ
, (3.2)
where λ is the observational wavelength. An arbitrary direction in the sky is described
in the (l,m, n) coordinate system of direction cosines, where n =
√
1− l2 −m2. In
Fig. 3.2 both coordinate systems are illustrated.
In case of a small FoV (l,m ≪ 1) and a time-independent primary beam Aj (l,m)
close to the phase reference center, the relation between sky brightness distribution
and visibility data becomes a Fourier transform F
Vjk (u,v)
F←→ I (l,m) . (3.3)
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Since a real radio interferometer has a finite number of antennas, the (u,v)-plane is only
sparsely sampled. In order to increase the coverage of the (u,v)-plane radio signals are
integrated at different times, because the (u,v)-components of every baseline change
with the hour angle H of the phase reference center, i.e. the (u,v) coordinate system
rotates as earth rotates with time. This is called “earth rotation synthesis”. Since
V¯jk (u,v) = Vjk (−u,− v), the maximal sampling of the (u,v)-plane is already achieved
after 12 hours. Measuring at different wavelengths λ, e.g., with a large bandwidth or
observing at more than one frequency, also helps to fill up the (u,v)-plane, see equation
3.2. To recover the sky brightness distribution it is assumed that the flux density of the
radio emission is neither frequency nor time dependent. The (u,v)-plane sampling can
be denoted with a function B (u,v), which is 1 for (u,v)-coordinates whose visibilities
are actually measured and 0 otherwise. This corresponds to masking the visibilities
of a radio interferometer Vjk (u,v) by the “uv-coverage” B (u,v). The convolution
theorem can be applied
Vjk (u,v) ·B (u,v) F←→ I (l,m) ∗ B (l,m) , (3.4)
where the Fourier transform of the uv-coverage B (l,m) can be interpreted as the
point spread function (PSF) of the radio interferometer, in the following denoted as
“synthesized beam” or “dirty beam”. Hence, the brightness distribution obtained after
the Fourier transform is the convolution, indicated by ∗, of the true sky brightness
distribution with the synthesized beam. Since a radio interferometer does not measure
at baseline lengths of zero, the dirty image (I (l,m) ∗ B (l,m)) has also zero total flux.
The advantage of observing with a radio interferometer rather than with a single-
dish telescope is to overcome the angular resolution limit Θ set by the single-dish
aperture
Θ ∝ λ
D
, (3.5)
where D is the size of the aperture. In order to achieve a similar theoretical resolution
as an optical telescope (λ ∼ 500 nm) using a mirror with a diameter of 2m one would
need to build a radio dish with a size of ∼ 850 km if observing at λ = 21 cm. The “size
of the aperture” of a radio interferometer is defined by the longest baseline. On the
other hand, a radio interferometer is not sensitive to structures larger than
θmax ∼ 1
2umin
=
λ
2bmin
, (3.6)
where bmin is the length of the shortest baseline (“short spacing problem”).
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3.2 The WSRT 346MHz Legacy Survey
3.2.1 The Westerbork Synthesis Radio Telescope
The WSRT is a radio interferometer located near the village Westerbork in the
Netherlands. Its antennas are aligned along the east-west direction. The interferometer
consists of 14 equatorially mounted parabolic dish antennas with a diameter of 25
meters each and is equipped with linear feeds (‘X’ and ‘Y’). The equatorial mount
and the source tracking capability of the array simplifies the reconstruction of the sky
brightness distribution (see equation 3.1), since the resulting primary beam pattern is
time-independent and identical for each pair of antennas. In Fig. 3.3 the configuration
of the array is depicted1. Ten dishes have a fixed separation of 144 meters, while two
Figure 3.3: Geometry of the WSRT array1.
remaining dish-pairs at the eastern end of the array are movable on 300 meter (first
pair) and 100 meter (second pair) long railtracks. The shortest adjustable baseline is
thus 36 meters whereas the longest baseline is fixed to 2.7 km. The WSRT is therefore
able to operate with different shortest baselines, e.g., in the 36M (36meter), the
60M (60meter) and the 84M (84meter) mode. Currently, the WSRT is equipped
with different receivers measuring in wavelengths of λ ∼ 3.6 . . . 92 cm. According to
equation 3.6, the largest angular scale recovered at a frequency of ν ∼ 346MHz (P -
band) is 40′ for 36M, 24′ for 60M, and 17′ for 84M, respectively. The highest possible
resolution according to equation 3.5 is about 1′. Combining a target observation using
those different array configurations allows one to fill the (u,v)-plane. The FoV due to
primary beam attenuation ranges from 2.6◦ at λ = 92 cm down to 0.1◦ at λ = 3.6 cm.
Since the WSRT is a one-dimensional array it needs a 6 hour earth rotation synthesis
observation to be sensitive to all spatial directions and a 12 hour earth rotation
synthesis to maximize the uv-coverage. Every single antenna is able to be individually
directed at any point on the sky. After each single integration the WSRT performs a
measurement of a calibrated noise source at the receiver (“system temperature”). This
1www.astron.nl/radio-observatory/astronomers/wsrt-guide-observations/3-telescope-parameters-
and-array-configuration
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measurement helps to track the gain of the receiving unit with time and is used to
correct for possible amplitude variations during the observational run.
3.2.2 The observational campaign
The WSRT Legacy Survey aimed for deep observations of the Milky Way, and a
large sample of galaxies and galaxy clusters at low frequencies. Here, we present the
observational campaign of the galaxy clusters part only. Ten galaxy clusters with
already known diffuse radio sources and unclassified sources have been selected to
study their morphology and flux density at low frequencies. All observations have been
performed in between summer 2011 and spring 2012, before the P -band receivers of the
WSRT were planned to be decommissioned in 2013. We observed every target for 36 h
in P -band within the frequency range from 311 to 381MHz, with a central frequency of
346MHz and a spectral resolution of 78.125 kHz. Each observation of a galaxy cluster
was carried out at three different nights with a duration of 12 h each, using a different
array configuration (see Sec. 3.2.1 and the configuration column in Tab. 3.1). This
allowed us to maximize the available uv-coverage. Details of all observations in the
framework of the WSRT legacy survey are listed in Tab. 3.1. 3C 286 (for Abell 2319)
and 3C147 (for all the others) were observed for 15min before the target observation
for flux density scale and bandpass calibration.
3.3 Follow-up on target Abell 2069
3.3.1 The Giant Metrewave Radio Telescope
The GMRT is a radio interferometer located 10 km east of Narayangaon town on the
Pune-Nasik highway in India2. The interferometer consists of 30 equatorially mounted
parabolic antennas with a diameter of 45 meters each and is equipped with circular
feeds (‘R’ and ‘L’ for right-handed and left-handed polarization, respectively). The
array is specialized in observing in the meter wavelength regime. In particular, the
GMRT is equipped with receivers for observing at frequencies of 50, 153, 233, 322,
608, and 1420MHz. At such low frequencies it is necessary to provide longer baselines
in order to resolve structures down to a scale of several arcseconds. In Fig. 3.4 the
configuration of the array is depicted3. The array consists of a compact central array,
where 14 out of 30 antennas are randomly distributed within an area of about 1 km2.
This compact core is complemented by an approximately ‘Y’-shaped configuration,
2http://www.gmrt.ncra.tifr.res.in/gmrt_hpage/GMRT/intro_gmrt.html
3http://www.gmrt.ncra.tifr.res.in/gmrt_hpage/Images/Diagrams/gmrtarraya.gif
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Figure 3.4: Left panel: Configuration of the GMRT array. Right panel: Zoom into
the core of the GMRT array.
where the remaining 16 antennas are placed. After 6 hours of observation redundant
information is recorded. The longest interferometric baseline in between the arms of
the ‘Y’ has a length of ∼ 25 km.
With the shortest baseline of ∼ 50meters the largest angular scale recovered is ∼ 32′
at 322MHz and ∼ 16′ at 608MHz, whereas the highest possible resolution is ∼ 8′′ at
322MHz and ∼ 4′′ at 608MHz. Thus, the GMRT provides a much higher resolution
at 346MHz than the WSRT which is useful in discriminating compact sources from
the diffuse radio emission. The sensitivity of the GMRT to large scale diffuse radio
emission is comparable to the sensitivity of the WSRT, but the short baselines of the
GMRT are often affected by strong RFI at frequencies of 320MHz and lower.
3.3.2 The Low Frequency Array
The LOFAR is a novel radio telescope (see also van Haarlem et al., 2013, for a review)
and a big leap forward in terms of sensitivity for diffuse radio sources at very low
frequencies. The LOFAR telescope observes in the largely unexplored frequency
range from 10 to 80MHz using the Low Band Antennas (LBA) and from 110 to
240MHz using the HBA. It is a pathfinder instrument for the Square Kilometre Array
(SKA)4. Instead of having large dishes it consists of simple dipole antennas grouped
into stations. The LOFAR stations are located at different sites in the Netherlands
and in other countries of Europe. LOFAR consists of 24 “core stations” (denoted with
4https://www.skatelescope.org/uploaded/31558_SKA_GWP_2012_lr.pdf
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CS), 14 “remote stations” (denoted with RS), and 13 international stations. The core
stations are located near the village Exloo in the Province Drenthe5 and consist of
two 24-element HBA fields with a diameter of 30.8m each and one 96-element LBA
field with a diameter of 87m diameter6, see left sketch of Fig. 3.5. They form a
Figure 3.5: Sketches of the LOFAR station layouts showing core, remote and
international stations (from left to right). The LBA dipoles are within
the area indicated with a large circle. The small squares beyond the
large circle indicate the HBA tiles. The different colors of the elements
refer to different cable lengths each element is connected with. A larger
version of this image including tile and antenna numbers is shown in
App.A.
compact array distributed in an area with a diameter of 2 to 3 km. The densest part
of LOFAR is realized with the “superterp”, hosting seven core stations placed adjacent
to each other. In the current state of the telescope, the core of the LOFAR HBA is
already twice as sensitive as the GMRT at 150MHz at an intermediate resolution
(∼ 25 arcsec). To resolve structures at a scale of several arcseconds at such a low
frequency the remote stations are located at a distance of up to ∼ 100 km from the
core. The HBA array of the remote stations consists of 48 elements. Thanks to the
extension of LOFAR to Germany (6 stations), Poland (3 stations), France, Sweden,
the United Kingdom, and Ireland (1 station each) LOFAR can serve as a homogeneous
Very Long Baseline Interferometry (VLBI) instrument, with baselines larger than
∼ 1000 km, reaching subarcsecond resolution at a central frequency of 150MHz. For
the international stations, the HBA fields are twice the size of the remote stations to
5http://www.lofar.org/about-lofar/general-information/location-lofar/location-lofar
6https://www.astron.nl/radio-observatory/astronomers/users/technical-information/lofar-
stations/lofar-stations-description-
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increase sensitivity for the very long baselines. In total, LOFAR comprises more than
100,000 dipoles distributed over Europe.
Each station operates as a phased array, i.e. the beam and the direction of the
beam is set by delays when combining the signals of the individual dipoles (“beam-
forming”). This technique allows LOFAR to observe in more than one direction at the
same time. The station beam corresponds to the primary beam. The beam-formed
data are sent from each station to a central correlator (currently the Correlator and
Beamforming Application platform for the Lofar Telescope (COBALT)) via fast fiber
connections (10Gbit/s for each station). The total number of visibilities NV produced
by the correlator is
NV = Npol × Na (Na − 1)
2
×Nn ×Nk, (3.7)
with Npol the number of polarizations, Na the number of stations, Nn the number
of integration time steps, and Nk the number of frequency channels. According to
equation 3.7 this implies a total of 1013 complex visibilities. This corresponds to a
data volume of the order of 100 TByte to be stored and further processed for one
typical LOFAR observation of 12 hours that includes all available stations. LOFAR
is a radio telescope of high flexibility, only limited by the software, data links and
computational resources. This is reflected by the variety of scientific fields covered by
LOFAR, e.g., Epoch of Reionization (EoR) (Zaroubi et al., 2012), cosmic magnetism
(Anderson et al., 2012), transient sources (Stewart et al., 2016), Solar science and
space weather (e.g., Morosan et al., 2014), cosmic rays (Buitink et al., 2016), pulsars
(Pilia et al., 2016), and deep extragalactic surveys.
Low Band Antennas
The LBA operate at the lowest end of the ionospheric window from 10 to 80MHz,
but they mainly observe in the frequency range from 30 to 80MHz due to strong
RFI at very low frequencies. LBA elements are constructed out of two orthogonal
copper wires serving as dipoles receiving two orthogonal linear polarizations. A metal
grid on the ground serves as reflector for the dipoles. An image of a single LBA is
depicted in the left panel of Fig. 3.6. The design of the LBA elements causes a strongly
peaked bandpass close to the resonance frequency of the single dipole (see right panel
of Fig. 3.6) around 60MHz7. Furthermore, the single element is sensitive to the entire
sky, but its sensitivity significantly drops below about 30◦ in elevation. The typical
7https://www.astron.nl/radio-observatory/astronomers/lofar-imaging-capabilities-
sensitivity/sensitivity-lofar-array/sensiti
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Figure 3.6: Left panel: Image of a single LBA dipole including the ground plane.
Right panel: Bandpass of a single LBA dipole in the frequency range
between 10 and 80MHz. Both images are adapted from van Haarlem
et al. (2013).
size of the LBA station beam is ∼ 7.5◦ at 50MHz (Falcke et al., 2007).
High Band Antennas
The HBA are assembled in blocks of 24, 48, or 96 tiles. Each tile consists of a 4 × 4
dual-polarization antenna grid. The antenna elements are supported by the expanded
polystyrene structure of the tiles. The HBA tiles are more fragile than the LBA
elements and thus protected by covers from weather damage (see left panel of Fig. 3.7).
For a given direction in the sky the signals of this grid elements are formed into a
Figure 3.7: Left panel: Closeup image of a single HBA tile after removing parts of
the protective cover. Right panel: Bandpass of a single HBA dipole in
the frequency range between 120 and 165MHz. Both images are adapted
from van Haarlem et al. (2013).
“tile beam”. This beam limits the FoV of an individual tile to ∼ 30◦ at a frequency
of 150MHz. This is important to take into account when conducting a multibeam
observation.
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In contrast with the LBA the HBA show a rather flat bandpass (see right panel
of Fig. 3.7), in case of a low noise environment it is easy to make use of the whole
bandwidth. The typical size of the HBA station beam is ∼ 3◦ at 150MHz (Falcke
et al., 2007).
3.3.3 Observational overview for the target Abell 2069
Since the galaxy cluster Abell 2069 was of particular interest, we additionally observed
Abell 2069 with the GMRT for 4.8 hours. The observation was conducted in two
different frequency ranges, one from 306 to 339MHz (central frequency of 322MHz
and spectral resolution of 130.208 kHz) and the other from 591 to 625MHz (central
frequency of 608MHz and spectral resolution of kHz). Furthermore, the galaxy cluster
was observed with the LOFAR HBA in the frequency range from 117MHz to 190MHz
(central frequency of 153MHz and spectral resolution of 48.8 kHz after preprocessing,
see Sec. 3.6.1) for 9.6 hours using 46 core stations and 14 remote stations. Details
of all observations are listed in Tab. 3.2. 3C147 (WSRT) and 3C286 (GMRT /
LOFAR HBA) were observed for 15 minutes (10 minutes) before and after the target
observation for flux density calibration (see Tab. 3.3).
Table 3.2: Details of the WSRT 346MHz and its follow-up observations. For the
WSRT label see Tab. 3.1.
Telescope Pointing center Frequency Exposure time Date Configuration
RA/DEC (J2000) [MHz] [h]
WSRT 15h23m57.9s +29◦53′26.0′′ 311-381MHz 12.0 26/27-April-2012 36M
09/10-May-2012 60M
16/17-May-2012 84M
GMRT 15h24m08.0s +29◦52′55.0′′ 306-339MHz 4.8 30-May-2014 –
591-625MHz 10-June-2014 –
LOFAR HBA 15h23m57.9s +29◦53′26.0′′ 117-190MHz 9.6 08/09-May-2014 –
Table 3.3: Flux density scale calibrators used for each telescope.
Telescope Calibrator Exposure time
ID [min]
WSRT 3C147 15
GMRT 3C286 15
LOFAR HBA 3C286 10
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3.4 Basics of image reconstruction and calibration
In order to restore the true sky brightness distribution of equation 3.4 one needs
to “deconvolve” the initially obtained image, also called “dirty image”. A standard
deconvolution scheme is the CLEAN algorithm (Högbom, 1974; Clark, 1980). CLEAN
operates in the image plane and identifies the brightest pixel. The pixel location
and the flux density of the pixel is added to the CLEAN component model. The
CLEAN component model represents a point-source model of the true sky brightness
distribution. The components of the CLEAN model are then convolved with the synthe-
sized beam and subtracted from the image. In the next iterations this step is repeated
with the residual images, obtained from subtracting the next brightest pixels convolved
with the synthesized beam. This procedure continuously adds total flux to the restored
image with every iteration. The CLEAN version by Schwab (1984) is interleaving
this scheme (referred to as “minor cycles”) with “major cycles” in which the CLEAN
component model is transformed to visibility space and then subtracted from the
visibilities. The new residual image is then generated by transforming the residual
visibilities back to image space. Hence, the deconvolution is already a complex process
in which the image needs to be computed from the visibilities many times. When
CLEAN has finished after a fixed number of iterations or through a previously defined
threshold, the restored radio map is created out of the residual image and the CLEAN-
component model
restored image = CLEAN-model ∗ restoring beam+ residual image, (3.8)
where the restoring beam is a two-dimensional elliptical Gaussian. Convolving with
the restoring beam removes the sidelobes of the dirty beam in the image. Its semi-
major and semi-minor axes are derived from the full width at half maximum (FWHM)
of the synthesized beam. The restored image only represents one possible interpretation
of the visibilities and should thus be treated as an estimate of the true sky brightness
distribution. The maximum angular resolution of the restored image according to
equation 3.5 is defined by the uv-coverage of the observation and the chosen weighting
scheme within the CLEAN algorithm. The weighting scheme corresponds to a multipli-
cation of a weighting functionW (u,v) with the uv-coverage B (u,v) in order to modify
the dirty beam, see equation 3.4. The “natural weighting” scheme puts equal weights
to all samples. Since lower spatial frequencies are usually sampled better, they get a
higher weighting. This leads to a larger dirty beam (lowered resolution) and maximum
peak sensitivity. The “uniform weighting” puts equal weights on each spatial frequency
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regardless of the sample density. This suppresses the sidelobes of the dirty beam and
narrows down the dirty beam. The peak sensitivity is significantly lower compared to
images achieved with natural weighting applied. The Briggs robust weighting offers
a compromise between maximizing the peak sensitivity and suppressing the sidelobes
of the dirty beam (Briggs, 1995) and is thus commonly used.
In practice, a radio interferometer only measures the visibilities of a radio signal
received at the detectors and processed through the observing system
V˜jk (u,v) = JjkVjk (u,v) , (3.9)
where the operator Jjk represents the net effect of all modifications of the radio signal
before it is actually recorded. Inverting the matrix Jˆ is called “calibration”. Typically,
calibration aims to correct the total flux density scale, the instrumental bandpass
as well as time and frequency dependent phase deviations between the antennas.
Especially at low frequencies ν ≪ 1GHz, the earth’s ionosphere introduces phase
delays to the radio signals. Sometimes Jˆ corrupts the received signal irreversibly, e.g.,
in case of strong RFI. Those affected visibilities often need to be removed (“flagged”).
In order to reliably determine proper calibration parameters, a reasonable a-priori
model of the true sky brightness distribution is needed. That’s why observations of
radio sources of known flux density and shape (“calibrator”) are typically performed
together with the target observations. If a skymodel is extracted from the reconstruc-
ted sky brightness distribution the inversion of equation 3.9 is referred to as “self-
calibration”.
3.5 Calibration and imaging strategy for the WSRT
Legacy Survey
Before starting the calibration procedure we performed RFI excision. We used the
automatic statistical flagging algorithm AOFlagger (Offringa, 2010), which has been
developed originally for the use with LOFAR data. Since we have observed with the
WSRT and the GMRT at a different wavelength regime and with a different time
and frequency resolution than with LOFAR, we modified the default strategy of the
AOFlagger. Unfortunately, in the GMRT observation all baselines shorter than about
1 500 meters were heavily affected by RFI. A total of 30% of the WSRT data and 40%
of the GMRT data have been flagged.
Calibration, imaging, and self-calibration were carried out with the Common Astro-
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nomy Software Applications (CASA)8 package. This software package is optimized
to process VLA data. Since the WSRT and the GMRT are telescopes of similar
design, this package suits all needs to properly process the data. For the WSRT we
have corrected for amplitude variations based on the system temperature information
recorded during the observations. We used the calibrator observations of 3C147 and
3C286 to correct for the bandpass and flux density scale according to Scaife and
Heald (2012). Because of the excellent phase stability of the WSRT backend, a few
iterations of self-calibration were sufficient to correct for remaining phase variations.
We carried out the initial phase calibration for the GMRT data with a skymodel based
on positions in the Faint Images of the Radio Sky at Twenty-Centimeters (FIRST)
catalog (Becker et al., 2012), using 36 sources that contribute most to the visibilities.
For self-calibration and imaging, we applied Briggs weighting with a robust parameter
of 0.0 in CASA, which offers a compromise between high-resolution and the best signal-
to-noise ratio (SNR) per beam. With the final calibrated data we achieve a root
mean square (rms) noise level of about 0.5mJy beam−1 for the WSRT images with a
108′′ × 52′′-beam, and 0.2mJy beam−1 for the GMRT images with a 14′′ × 7′′-beam.
Throughout our flux density I measurements we assume a flux density scale uncer-
tainty fscale of 5% for 3C147 and 2.5% for 3C286 according to Scaife and Heald
(2012). All errors take into account noise uncertainties based on the rms level of the
radio maps σrms. Since we could not correct for system temperature variations of the
GMRT, we adopt an average amplitude instability finst of 10%. The total error of all
flux density measurements ∆I, including the case of subtracted sources in the region
of measurement, is then given by
∆I =
√
(fscale · I)2 +
(
σrms ·
√
Nbeam
)2
+ (finst · I)2 + (fsubtr · Isubtr)2, (3.10)
where Nbeams is the number of beams needed to measure the integrated flux density,
fsubtr = 10% is the subtraction uncertainty, and Isubtr is the amount of subtracted
flux density.
3.6 Calibration and imaging the LOFAR data
3.6.1 Special challenges with LOFAR
Since LOFAR uses a phased array fixed to the ground out of simple antenna dipoles,
non-standard techniques for the data reduction are needed. The biggest challenges
8http://casa.nrao.edu/
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for a proper LOFAR data reduction remain in dealing with the huge data volume,
the large FoV, the strong sidelobes of the synthesized beam, and the severe impact
of the ionosphere on radio signals at very low frequencies. To prevent visibility data
from being decorrelated, LOFAR initially observes in the interferometric mode with
a time resolution of 1 second and a frequency resolution of 768Hz. The standard
preprocessing consists of flagging (with the AOFlagger), demixing (van der Tol et al.,
2007) and averaging the data in frequency and time to be more handy for further
processing.
Demixing is an algorithm that subtracts bright radio sources that are not the actual
target of the observation. Especially, the radio signal of the so-called “A-team” sources
(Cassopeia A, Cygnus A, Virgo A, Herkules A, and Virgo A), a group of the brightest
radio sources (total flux density ≳ 1 kJy) in the northern hemisphere, can severely
affect the recorded visibilities if they accidently reside in a sidelobe of the primary
beam.
The large FoV of LOFAR at low frequencies prohibits ignoring the w-term in
equation 3.1. Furthermore, the station beam Aj (l,m,t) and the polarization properties
of LOFAR depend on the pointing direction (in elevation) and on the location of the
station. They vary with frequency as well as with time when tracking a source on
the sky. To reconstruct the sky brightness distribution, a simple Fourier transform
of the visibility data as mentioned in equation 3.4 does not work in the case of
LOFAR. Equation 3.1 shows that the w-term as well as the A-term can be seen
as an additional kernel of a two-dimensional Fourier transform (Cornwell et al., 2008;
Bhatnagar et al., 2008). A combined treatment of the w-term and the A-term in the
image plane is called Aw-projection. A dedicated imager for LOFAR implementing
the Aw-projection is the awimager by Tasse et al. (2013).
The cosmic radio signals are severely influenced by the Earth’s ionosphere before
reaching the telescope at the ground at the low frequencies LOFAR is observing. The
most dominant effects are frequency-dependent propagation delays, which cause a
phase rotation ϕion and Faraday rotation (see, e.g., Intema et al., 2009; Sotomayor-
Beltran et al., 2013). The ionospheric delay of a particular LOFAR station τion
depends on the free electron density ne− integrated over the LoS through the ionosphere
(the total electron content (TEC)) in such a way that
τion =
⏐⏐⏐⏐∂ϕion∂ν
⏐⏐⏐⏐ = q24πε0me−cν2
∫
LoS
ne−dl ∝
TEC
ν2
, (3.11)
where q is the elementary charge, me is the electron mass, and ε0 the vacuum permit-
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tivity. The LOFAR telescope operates in the Lonsdale regime 4 (Lonsdale, 2005),
see Fig. 3.8, when using remote stations or even international stations. This means
Figure 3.8: Scheme of the Lonsdale regime 4 adapted from Intema et al. (2009).
The array is represented by three antennas at ground level when looking
through different parts of the ionosphere (grey clouds) with individual
FoVs (red, green and blue areas).
that the ionospheric delay depends on antenna position and viewing direction. A
simple calibration, see equation 3.9, can only be done in one direction of the sky,
preferably the phase reference center. To account for the directional dependency of
the phase variations, a technique that corrects for phases that vary over the entire
FoV of each station, is required. Up to now a variety of techniques and tools, e.g.,
“peeling” (Noordam, 2004), SPAM (Intema, 2014) or LOFAR facet calibration (van
Weeren et al., 2016b) (see also Sec. 3.6.3) have been developed.
Additionally, the remote stations don’t run on the same clock as the core stations.
Clock offsets introduce a frequency-independent delay τclock. The total delay τ that
needs to be corrected for is
τ = τclock + τion. (3.12)
The procedure to disentangle both delays during the calibration is called “clock-TEC
separation”.
3.6.2 Direction-independent calibration and imaging
Before performing any direction-dependent calibration it is necessary to obtain a
fairly reasonable sky model of the target field. To achieve this, we started with
basic direction-independent calibration. LOFAR data are split into single subbands of
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∼ 0.2MHz. The calibrator observation of 3C286 was used to correct for the flux density
scale of each single subband. That’s why there is no need for a dedicated bandpass
calibration. Furthermore, cross-polarization phase offset correction and clock-TEC
separation was performed. Since the clock delay is direction-independent, this allows
us to already transfer the solutions of the clock delay to the target observation. The
effect of the clock delay of the remote stations is illustrated in the left image of Fig. 3.9.
Since the phase solutions are colorcoded the frequency-dependent (y-axis) phase drift
Figure 3.9: Left panel: Station based frequency versus time matrix of the colorcoded
phase solutions in XX polarization of the HBA calibrator observation
of 3C286. The phase reference station is CS001HBA0. The station
CS013HBA shows a clear frequency-dependent phase pattern indicating
a non-zero clock delay. A larger image and the station names are shown
in App.B. Right panel: Extracted clock delay for each station. Stations
with significant offsets are labeled.
is visibile as horizontal stripes, indicating the presence of several phase wraps across
the whole band. The right image of Fig. 3.9 presents the derived clock solutions from
the clock-TEC separation with time. In our observation the clock delay ranges from
−100 ns to +100ns. This leads to up to eight phase wraps within the full bandwidth.
The large FoV and the sidelobes of the LOFAR primary beam make the observation
susceptible to strong sources in the vicinity of the pointing. In the case of our
observation of Abell 2069 all very bright radio sources are at a well-tolerated angular
separation: Cassopeia A (≈ 78◦), Cassopeia A (≈ 55◦), Taurus A (≈ 119◦), Hercules
A (≈ 32◦), and Virgo A (≈ 44◦). Thus we simulated the expected impact of these
sources on the data using the common LOFAR beam model and flagged all affected
data above a threshold of 5 Jy at 153MHz.
Then we applied the flux density scale and the the clock solutions derived from
our calibrator observation to the target field. An initial direction-independent phase
calibration was performed on the target field using the global sky model (GSM). The
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GSM is a database that contains source locations and spectral indices derived from the
VLA Low-Frequency Sky Survey (VLSS) (Cohen et al., 2007), Westerbork Northern
Sky Survey (WENSS) (de Bruyn et al., 2000), and NVSS (Condon et al., 1998)
catalogs. Therefore, a dedicated phase calibrator observation to track phase variations
during the observations is not needed. We used LOFAR solutions tool (LoSoTo)9 to
reject outliers in the calibrator solutions as well as for smoothing and displaying the
calibration solutions. We have flagged the stations CS006HBA0 and CS006HBA1,
the frequency regime between 169.65 - 169.85MHz and 177.46 - 179.22MHz as well
as the last 30 minutes of our observation completely due to bad calibration results.
Afterwards, we concatenated our data (370 subbands) into 37 chunks of ten subbands
each and imaged the full FoV using the awimager. This translates to images of a
bandwidth of 2MHz. From each of these images we extracted a skymodel using the
Python Blob Detection and Source Measurement (PyBDSM) (Mohan and Rafferty,
2015) package. We have then rerun the initial direction-independent phase calibration
on every data chunk individually with its corresponding PyBDSM skymodel. This has
improved the calibration results significantly (see Fig. 3.10). With this step we finished
Figure 3.10: Left panel: Station based frequency versus time matrix of the
colorcoded phase solutions in XX polarization of the HBA target
observation of Abell 2069 using the GSM. The phase reference station
is CS001HBA0. Right panel: The same as left panel using a PyBDSM
extracted skymodel. A larger image and the station names are shown
in App.B.
the direction-independent part of the calibration.
The procedure described in this section has been implemented in the LOFAR pre-
facet calibration pipeline (prefactor)10. Nevertheless, the radio map obtained
with this basic strategy has only limited fidelity and a noise level of about a factor 5
9https://github.com/revoltek/losoto
10https://github.com/lofar-astron/prefactor
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to 10 higher than the expected thermal noise of the instrument.
3.6.3 Facet calibration
Facet Calibration for LOFAR (factor) is a new tool which is applying the facet
calibration strategy (see van Weeren et al., 2016b, for a more detailed description) to
LOFAR data in a semi-automated fashion. It is still under development and dedicated
to properly handle the special calibration challenges of LOFAR using a minimum
amount of free parameters to calibrate for. It assumes that ionospheric disturbances
and an improper modelling of the station beams are the main cause of the artifacts
remaining in the radio maps achieved from direction-independent calibrated data.
The ionosphere and inevitably the phases can vary on short timescales, usually from a
couple of seconds up to half a minute, whereas the station beams, leading to amplitude
variations, vary slowly with time and frequency and therefore can be calibrated on
solution intervals between ∼ 5 and ∼ 30 minutes. factor assumes that all direction-
dependent effects vary slowly across the FoV.
These assumptions allows one to tile the sky into facets in which the effects of
the varying beam and the phase distortions due to the ionosphere are small. The
sky is partitioned via a Voronoi tessellation scheme (Okabe, 2000) according to the
directions of suitable calibrators, usually bright sources or groups of bright sources.
The calibrators should be sufficiently bright to calibrate for the amplitudes and phases
at the needed time resolution. The calibration results of the calibrators are then
applied to the entire facet.
Before running factor the direction-independent calibrated data has to be processed
as follows: First, each frequency chunk of the direction-independent calibrated data is
imaged independently at medium resolution (≈ 25′′) with a FoV radius of ∼ 7◦. The
resulting clean component model is subtracted from the target data. This data is
then reimaged at low resolution (≈ 75′′) with a FoV radius of ∼ 15◦ to also recover
and subtract more extended sources as well as bright sources beyond the FWHM of
the LOFAR primary beam.
Finally, we are left with 37 basically “empty” data sets and a skymodel for each
frequency chunk which now serves as an input for the faceting. In the field of
Abell 2069 factor selected 20 calibrator fields with a combined flux density of ≳ 0.3 Jy
from the skymodels. The facet layout of the Abell 2069 field is depicted in Fig. 3.11.
Now the full bandwidth data is phase shifted to the direction of the first calibrator
field and all clean components of the calibrator field are added back. The self-
calibration of the calibrator field is then performed iteratively, beginning with a phase
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Figure 3.11: Facet layout of the full bandwidth factor run of the LOFAR HBA
observation of Abell 2069.
self-calibration and finishing with phase and amplitude self-calibration. Each iteration
is repeated until the background noise level converges. Fig. 3.12 illustrates the main
steps of the self-calibration process for the calibrator field in the facet #109.
Once the first facet is finished, the skymodels are updated, and the improved sources
are subtracted again. The calibration continues with the facet of the next brightest
calibrator field until the whole sky is calibrated. Fig. 3.13 compares the same facet
in the Abell 2069 field before (left panel) and after (right panel) facet calibration.
Although the calibration did not run perfectly, which is recognizable by the “negative”
valley surrounding the calibrator, the noise level decreased and the image provides a
significantly higher fidelity. Facet calibration is able to reduce the noise by a factor
of 4 at comparable resolutions if the self-calibration procedure performs well.. The
thermal noise of this kind of LOFAR observation is about ≲ 100μJy at a resolution
scale of ∼ 5′′.
Once all facets have been calibrated, they are imaged again with the direction-
dependend solutions applied and assembled into an image mosaic. The outcome is
very promising and represents a proof of concept how to deal with the severe direction-
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Figure 3.12: Images of a calibrator field during the direction-dependent self-
calibration cycles using the full bandwidth of the observation.
From upper left to bottom right: Initial image from direction-
indepedent calibration (beam: 24′′× 23′′, position angle: 66◦,
σrms ≈ 1.0mJybeam−1), first TEC+phase calibration (beam:
16′′× 13′′, position angle: 88◦, σrms ≈ 320 μJy beam−1), second
TEC+phase calibration (beam: 7′′× 5′′, position angle: 100◦,
σrms ≈ 180 μJy beam−1), TEC+phase+ slow amplitude calibration
(σrms ≈ 160 μJy beam−1). The colorscale is in units of Jy beam−1.
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Figure 3.13: Direct comparison of the direction-independent radio map (left panel,
beam: 28′′× 24′′, position angle: 46◦, σrms ≈ 450 μJy beam−1) with the
direction-dependent radio map (right panel, beam: 7′′× 5′′, position
angle: 100◦, σrms ≈ 180 μJy beam−1) of the facet_patch_210.
dependent distortions. factor is intended to be the main tool for the calibration of
LOFAR HBA data..
3.7 X-ray data analysis
With X-ray telescopes like Chandra we can track the thermal bremsstrahlung of
the hot ICM. In this work we took archival Chandra data and used the Chandra
analysis software Chandra Interactive Analysis of Observations (CIAO) 4.6 as well as
Chandra Calibration Database (CALDB) 4.5.9 for the data reduction. The exposure-
corrected images are created with the task fluximage and merge_obs if more than
one observation is available. In order to properly minimize point source contamination
when measuring X-ray flux densities in the Chandra images, a reprocessing is needed.
To identify point sources the exposure-corrected image is not binned. We then
determine the size of the PSF in the image (mkpsfmap), detect point sources (wav-
detect), disentangle the sources from the background (roi), and replace the pixels of
the point source regions of the image with values interpolated from the surrounding
background regions11 (dmfilth), see Fig. 3.14. In Fig. 3.15, we illustrate the difference
of an exposure-corrected image of the X-ray surface brightness distribution of the
ICM of the galaxy cluster Abell 2069 (see Sec. 5) before and after the point source
subtraction procedure described above.
11http://cxc.cfa.harvard.edu/ciao/ahelp/
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0 0.022 0.066 0.15 0.33 0.68 1.4 2.8 5.6 11 22
Figure 3.14: Identification of point sources (red lines) and their background
contributions (green circles) in the Chandra X-ray image of Abell 2069.
0.00e+00 7.69e-08 1.54e-07 2.32e-07 3.09e-07 3.86e-07 4.63e-07 5.40e-07 6.18e-07 6.95e-07 7.72e-07Figure 3.15: Chandra image of the X-ray surface brightness in Abell 2069 in linear
scale smoothed with a 2D Gaussian with a FWHM of 20′′ before (left
image) and after (right image) point source subtraction.
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4 Analysis of the WSRT 346MHz Legacy
Survey
The aim of the WSRT 346MHz Legacy Survey is the investigation of the morphology
and the spectrum of diffuse radio emission in galaxy clusters at low frequencies. At
low frequencies we observe a population of cosmic ray electrons at a lower energy than
the population we would observe at high frequencies, e.g, at 1.4GHz (see equation
2.2). The WSRT offered a high sensitivity to extended diffuse radio structures in the
past years, thanks to its large fractional bandwidth (≈ 20%) and its sensitivity at
large angular scales (> 15′), see Sec. 3.2.1. For the Legacy Survey, the radio relics in
Abell 115, Abell 1240, and Abell 2061, and the radio halos in Abell 1758, Abell 2218,
Abell 2219, Abell 2254, and Abell 2319 have been selected as targets. Moreover, the
diffuse radio source candidates in RXCJ1053.7+5452 (RXJ1053, see Sec. 4.9) and
Abell 2069 have also been observed. Both candidates have tentatively been classified
as radio relics. In the case of Abell 2069 the data analysis of the WSRT 346MHz
Legacy Survey data has revealed previously unknown diffuse radio sources. The full
analysis of this galaxy cluster is thus presented in Sec. 5. The targets are summarized
in Tab. 4.1.
The measurement of the flux density of the diffuse radio emission in our sample
is often hindered by the superposition of the diffuse radio emission with compact
source emission. To estimate the diffuse part of the flux density better, we imaged the
fields with uniform weighting removing the short baselines (uvrange>0.6 kλ). This
significantly reduces the sensitivity of the array to diffuse radio emission. The achieved
high resolution images are assumed to be dominated by compact source emission
and are therefore used to create a sky model which in turn is subtracted from the
visibilities. The resulting images from the data with the sky model being subtracted
mainly contain the diffuse radio emission, see Fig. 4.1. All uncertainties given below
include the potential errors introduced by this procedure following equation 3.10.
We estimate the integrated spectral index of the diffuse radio emission with respect
to 1.4GHz, since most galaxy clusters have been observed and analyzed at this
frequency in literature. To confirm their nature as radio halos and radio relics we
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Figure 4.1: Subtraction procedure applied to the WSRT Legacy Survey data. From
left to right: Total intensity map of a target created with CLEAN using
Briggs weighting, uniform weighting + uvrange>0.6 kλ, and Briggs
weighting after subtraction. The colorscale is arbitrary and identical
in all images.
expect a steep spectrum (α < −1) known from already confirmed radio halos and
radio relics as well as from predictions of the currently favoured models (see Sec. 2.4).
Furthermore, we compare their morphology with the maps published at 1.4GHz.
Since we observe a cosmic ray electron population of a lower energy than observed
at 1.4GHz, deviations in the morphology of the diffuse radio emission might provide
insights into the galaxy cluster merger dynamics and history.
The observation IDs and total exposure times are listed in Tab. 4.2. For Abell 2254
Table 4.2: Chandra ACIS-I archival data.
Source Observation IDs Total exposure time
[ks]
A115 3233, 13458, 13459, 15578, 15581 361.55
A1240 4961 51.35
A1758 2213, 7710, 13997, 15538, 15540 212.97
A2061 10449 31.35
A2069 4965 55.42
A2218 553, 1454, 1666, 7698 71.02
A2219 896, 7892, 13988, 14355, 14356, 14431, 14451 194.82
A2319 3231, 15187 89.60
RXJ1053 15322 24.76
we used reduced data from the XMM-Newton data archive
(observation ID 0601080101).
In the following, we discuss our results of the analysis of the WSRT 346MHz Legacy
Survey on the individual sources listed in Tab. 4.1. The results are summarized in
Sec. 4.10.
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4.1 Abell 115
Abell 115 is a merging galaxy cluster composed of three major galaxy concentrations
as observed in the optical (Beers et al., 1983). The two main components correspond
with the two X-ray peaks detected by Forman et al. (1981). They are colliding
with a LoS impact velocity of 1 600 km s−1 (Barrena et al., 2007). The cool cores
of both main components have not been disrupted by the merger yet. On the other
hand, the temperature distribution of the ICM is highly nonuniform (Gutierrez and
Krawczynski, 2005). The northern component (in the following denoted with A115N)
hosts the very strong radio source 3C 28 with a total flux density of 7 Jy in the
WSRT 346 MHz map. 3C 28 is known to have an unusually distorted double lobe
structure (Feretti et al., 1984; Giovannini et al., 1987), which is not resolved at the
resolution of the WSRT at 346 MHz. Such a distortion might be an indication of large-
Figure 4.2: Map of 3C 28 observed with the VLA in B and C configuration at a
central frequency of 5GHz. The rms noise level is 4 μJy beam−1. The
restoring beam is 1′. Image adapted from Harwood et al. (2015).
scale flows and inhomogeneities of the ICM in the northern component of Abell 115
(Heinz et al., 2006; Forman et al., 2014). The BCG of the northern concentration is
associated with 3C 28. The radio relic in Abell 115 was first reported by Giovannini
et al. (1999). Govoni et al. (2001b) confirmed the discovery of the radio relic, extending
from the northern sub-cluster center to its periphery, with the VLA at 1.4 GHz in
C and D configuration. They measured an integrated flux density of 147.0mJy at
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1.4GHz and an LLS of the radio relic of 2.5Mpc. The radio relic is stretched into
a low-density area of the ICM. Since shock acceleration models predict a spherically
symmetric compression of the ICM, this source is apparently unusual. Botteon et al.
(2016a) detected a shock coinciding with the western part of the radio relic. The Mach
numbers derived from the density (M = 1.7±0.1) and the temperature (M = 1.8+0.5−0.4)
jumps in X-ray match. Botteon et al. (2016a) claim that the radio relic is in agreement
with an off-axis merger and can be best explained through re-acceleration of pre-
existing mildly relativistic cosmic ray electrons. The radio galaxy VLSS J0056.0+2627
might have provided the seed electrons for the eastern part of the radio relic.
We have recovered the radio relic at 346MHz (see Fig. 4.3). Unfortunately, 3C 28
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Figure 4.3: Radio and X-ray emission in Abell 115. Black contours: WSRT 346MHz
image. The noise level is σrms ≈ 0.5mJybeam−1. Contour levels start
at 5.9mJy and are spaced by a factor of
√
2. The shape of the restoring
beam is 129′′× 51′′ with a position angle of −178◦. Colorscale: X-
ray surface brightness at 0.5 - 7 keV in linear scale smoothed with a 2D
Gaussian of a FWHM of 20′′.
and the second strongest radio source on top of the relic (VLSS J0056.0+2627, a
narrow-angle tail radio galaxy (Gregorini and Bondi, 1989)), with a flux density of
≈ 650mJy, superpose with the radio relic. Since both sources are very luminous
and known to be extended, a subtraction of these sources within acceptable error
margins turned out not to be reliable. A detailed high resolution model of 3C 28
at 346MHz would be necessary. The imaging of 3C 28 or even VLSS J0056.0+2627
at a sufficient high resolution θ ≪ 1′ is beyond the capabilities of the WSRT. The
impact of these sources on the morphology might be severe. Therefore, we present
the radio relic contours from a σrms level larger than 3. We estimated the flux density
49
The WSRT 346MHz Legacy Survey 4.2 Abell 1240
of the radio relic through measuring the small area left of VLSS J0056.0+2627, where
the radio emission is likely dominated by the radio relic emission. The measured
surface brightness of this area is assumed to be representative of the entire area of the
radio relic. We estimate an integrated flux density of the radio relic of ∼ 600mJy at
346MHz. This corresponds to a spectral index of roughly −1, which is in agreement
with the DSA model. We note that the surface brightness of the radio relic at the
location of 3C 28 might be significantly higher and that we thus might underestimate
the true flux density of the radio relic.
The LLS of the radio relic remained constant at 346MHz in comparison to 1.4GHz
(east-west elongation). In our maps, the radio relic is slightly more extended to the
south compared to the maps of Govoni et al. (2001b) and Botteon et al. (2016b) at
1.4GHz. This can only be confirmed if the impact of 3C 28 and VLSS J0056.0+2627
on the recovered morphology of the diffuse radio emission is constrained much better.
4.2 Abell 1240
Abell 1240 is composed of two major concentrations of galaxies which are aligned
along the same north-south direction as its X-ray surface brightness profile. A BCG
is associated with each of the northern and the southern galaxy clump. Barrena et al.
(2009) suggest that we see a merger in Abell 1240 in the plane of sky and that both
galaxy concentrations have already undergone a first core passage. The presence of
a double-relic was first reported by Kempner and Sarazin (2001) after their analysis
of the WENSS. This discovery has later been confirmed by Bonafede et al. (2009) by
deep VLA observations at 325MHz and 1.4GHz. The two radio relics are located
at opposite sides of the galaxy cluster and the semi-major axis of both radio relics
is perpendicular to the cluster’s north-south elongation. The northern relic (in the
following denoted with A1240N) and the southern relic (in the following denoted with
A1240S) are located at a distance of ≈ 270′′ and ≈ 400′′ from the galaxy cluster’s
X-ray center, respectively. Bonafede et al. (2009) measured an integrated flux density
of 6.0 ± 0.2mJy for A1240N and 10.1 ± 0.4mJy for A1240S at 1.4GHz. Moreover,
they derived a mean spectral index in the region where the surface brightness at both
frequencies is > 3σrms. This resulted in a spectral index of −1.2 ± 0.1 for A1240N
and −1.3± 0.2 for A1240S. Both relics show a mean degree of polarization of ≈ 25%
at 1.4GHz.
We have recovered both relics at 346MHz (see Fig. 4.4). Within our 3σrms contours
we measure an integrated flux density of 35.7±2.0mJy for A1204N and 54.5±3.0mJy
for A1240S. This allows us to confirm the spectral index estimate by Bonafede et al.
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Figure 4.4: Radio and X-ray emission in Abell 1240. Black contours: WSRT
346MHz image. The noise level is σrms ≈ 0.25mJybeam−1. Contour
levels are drawn at [−0.75, 0.75, 1.1, 1.5 , 2.1, 3.0, 4.2, 6.0, 8.4]mJy. The
negative contour is drawn with a dashed line. The shape of the restoring
beam is 82′′× 57′′ with a position angle of −1◦. Colorscale: see Fig. 4.3.
(2009) with −1.3 for A1204N and −1.2 for A1240S.
The morphology of both radio relics is in agreement with the radio maps at 1.4GHz.
So there is no indication of a spatially separated population of aged electrons in
Abell 1240. Moreover, both radio relics are located directly at the periphery of the
galaxy cluster and their shape is tangential to the isophotes of the X-ray emission.
The overall morphology and the similar brightness of both radio relics are consistent
with the scenario of two symmetric shocks propagating outwards after the occurrence
of an equal mass merger in Abell 1240. The spectral indices correspond to a shock
Mach number of M ≈ 2.8 and M ≈ 3.3 for the northern and for the southern radio
relic, respectively (see equations 2.5 and 2.9). Our analysis could not recover any sign
for a radio halo at a central galaxy cluster position.
4.3 Abell 1758
The galaxy cluster Abell 1758 consists of two hot X-ray luminous subclusters (in the
following denoted with A1758N and A1758S) separated by 2Mpc in projection (Rizza
et al., 1998). Both of them show major merger activities independent from each other.
Although both cluster parts likely form a gravitationally bound system (Boschin et al.,
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2012), there are no signs of an interaction between the two cluster parts (Durret et al.,
2011). David and Kempner (2004) showed that the hotter subcluster A1758N is in
a late stage of a cluster merger between its two hot subclumps along the northwest-
southeast direction. They argue that the high temperature of the ICM indicates that
any shocks generated by the merger have already propagated throughout most of the
subcluster. Moreover, A1758N hosts a powerful narrow-angle tail radio galaxy (O’Dea
and Owen, 1985).
Diffuse radio emission in A1758N was first reported by Kempner and Sarazin (2001).
This was confirmed by Giovannini et al. (2006) with the VLA at 1.4GHz detecting
a radio halo permeating the central region of the galaxy cluster with ≈ 0.8Mpc in
size. Furthermore, they classified the two peripheral radio sources to the east and
to the west of A1758N as radio relics (Giovannini et al., 2009). They measured
a total flux density of the diffuse radio emission of 16.7 ± 0.8mJy and an LLS of
≈ 1.5Mpc at 1.4GHz. Although the shape of the diffuse radio emission is very
peculiar, Giacintucci (2011) suggests a classification of all the diffuse radio emission
as a radio halo after investigating the galaxy cluster with the GMRT at 325MHz. She
measured an integrated flux density of 146±7mJy and a total size of about 1.5Mpc
at 325MHz.
We have recovered the diffuse radio emission in A1758N at 346MHz (see Fig. 4.5).
The resolution limit of the WSRT prevents us from discriminating the radio halo
from the reported radio relics and the strong compact sources to the east and to
the west of the radio halo. We applied our subtraction procedure and were able to
recover the morphology and the LLS (≈ 1.8Mpc) of the radio halo similar to the maps
published in Giovannini et al. (2009) and Giacintucci (2011). The resulting integrated
flux density of the radio halo is 129 ± 8mJy at 346MHz, which is in agreement
with the measurement by Giacintucci (2011). This results in a rather steep spectral
index of about −1.5, putting the radio halo in Abell 1758 close to the population of
ultra-steep spectrum radio halos. The presence of ultra-steep spectrum radio halos is
only predicted by the turbulent re-acceleration model (see Sec. 2.4.3). There could be
still some flux density of the radio halo missing in the high-resolution radio map. The
missing flux density might be potentially caused by an oversubtraction of the compact
sources. The radio halo shows two peaks corresponding to both edges of the northern
clump. The two peaks follow the merger direction (southeast-northwest) and thus
probably correspond to the hotter parts of the merging system.
The slightly larger LLS of the radio halo in our map at 346MHz is uncertain,
since our subtraction procedure does not reliably maintain the overall structure of
the diffuse radio emission. With our sensitivity we do not to detect any diffuse radio
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Figure 4.5: Radio and X-ray emission in Abell 1758. Black contours: WSRT
346MHz image with compact sources subtracted. The noise
level is σrms ≈ 0.7mJybeam−1. Contour levels are drawn at
[−2.1, 2.1, 3.0, 4.2, 6.0, 8.4, 11.9, 16.8, 23.8, 33.6, 47.5]mJy. The negative
contour is drawn with a dashed line. The shape of the restoring beam is
74′′ × 70′′ with a position angle of −31◦. Colorscale: see Fig. 4.3.
emission in the southern component.
4.4 Abell 2061
Abell 2061 is one of ten galaxy clusters of the Corona Borealis supercluster (Postman
et al., 1988; Small et al., 1997b,a). It belongs to the northern part of the supercluster
(Small et al., 1998), together with the smaller nearby cluster Abell 2067. Since
Abell 2061 and Abell 2067 are separated by 2.5Mpc in the plane of the sky and about
600 km s−1 in redshift, both galaxy clusters are probably bound (Rines and Diaferio,
2006). X-ray investigations revealed an elongation of the hot ICM of Abell 2061 along
the northwest-southeast direction, with an extension towards Abell 2067 (Marini et al.,
2004). It is debated whether both galaxy clusters might be interacting or even in a
pre-merger state. Marini et al. (2004) and Hogge et al. (2013) also find evidence
of an internal shock in the northern part of Abell 2061. The internal shock could
be caused by an infalling galaxy group along the northwest-southeast axis. The
presence of a radio relic, first reported by Kempner and Sarazin (2001), along the
same axis but on the opposite side of Abell 2067, supports the scenario of a major
disturbance in Abell 2061 induced from an ongoing merger. Kempner and Sarazin
53
The WSRT 346MHz Legacy Survey 4.4 Abell 2061
(2001) measured a flux density of the radio relic of 104±15 and 19±3mJy at 327MHz
and 1.4GHz, respectively; yielding a spectral index of −1.17 ± 0.23. Moreover,
Farnsworth et al. (2013) measured a flux density of 25.3 ± 5.6mJy for the radio
relic with the GBT at 1.4GHz. Analyzing WSRT data, van Weeren et al. (2011)
measured a flux density of the radio relic of 27.6 ± 1.0 and 21.2 ± 2.1 at 1382MHz
and 1714MHz, respectively. Taking into account the measured flux density of the
radio relic of 120mJy from WENSS images at 325MHz (Rudnick and Lemmerman,
2009), van Weeren et al. (2011) derived a spectral index of −1.03±0.09. Furthermore,
Rudnick and Lemmerman (2009) reported the presence of increased flux density in
the area of the cluster center. The presence of a radio halo in Abell 2061 has later
been confirmed with the GBT at 1.4GHz (Farnsworth et al., 2013). They measured
a flux density of 16.9± 4.2mJy.
We have recovered the radio relic at 346MHz (see Fig. 4.6) as well as a not yet
reported source located at the galaxy cluster center. Two compact sources to the
Figure 4.6: Radio and X-ray emission in Abell 2061. Black contours: WSRT
346MHz image. The noise level is σrms ≈ 1.0mJybeam−1. Contour
levels are drawn at [−3.0, 3.0, 4.2, 6.0, 8.5, 12.0, 17.0, 24.0, 33.9]mJy. The
negative contour is drawn with a dashed line. The shape of the restoring
beam is 110′′× 55′′ with a position angle of −180◦. Colorscale: see
Fig. 4.3.
north and to the south are embedded in the radio relic emission. We thus measure an
integrated flux density of the radio relic of 90±9mJy subtracting the contribution from
the two compact sources. This is not in agreement with the measurements by Rudnick
and Lemmerman (2009) but still within the errors of the flux density measured by
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Kempner and Sarazin (2001). If we compare the 1.4GHz measurement by Kempner
and Sarazin (2001) with van Weeren et al. (2011) this constrains the spectral index
of the radio relic to be within ≈ −0.8 and −1.1. Since the radio relic emission is only
covered by a few beams, there is only little evidence for an extension of the radio
relic emission towards the galaxy cluster center compared with the morphology of the
radio relic at 1.4GHz. The sharp edge to the west, presumably the location of the
shock front, and the filamentary structure in the direction of the galaxy cluster center
shows the presence of aged electrons downstream of the shock. The detection of any
X-ray brightness jump is challenging because of the low X-ray surface brightness at
the location of the radio relic. With a distance of ∼ 1.7Mpc to the galaxy cluster
center, the radio relic in Abell 2061 is one of the most distant ones.
The newly discovered source at the galaxy cluster center of Abell 2061 shows a flux
density of 40.8 ± 3.2mJy and is not associated with any cluster galaxy. This source
is potentially extended, which is supported by the profile of the source with respect
to the beam size. We thus speculate that we see the peak of the reported radio halo
by Farnsworth et al. (2013).
4.5 Abell 2218
Abell 2218 is a massive galaxy cluster which is one of the first known to exhibit a
Sunyaev–Zel’dovich (SZ) effect (Birkinshaw et al., 1978; Perrenod and Lada, 1979;
Birkinshaw et al., 1981; Schallwich, 1982; Birkinshaw and Gull, 1984; Jones et al.,
1993; Uyaniker et al., 1997; Tsuboi et al., 1998). Pello-Descayre et al. (1988) discovered
arc-like structures in the g- and r-band caused by gravitational lensing of background
galaxies by the dense dark matter core (Pello et al., 1992). Today Abell 2218 is a
much studied lensing galaxy cluster (see, e.g., Abdelsalam et al., 1998; Mohammed
et al., 2014). Chandra observations revealed a displacement of the X-ray centroid from
the BCG and an azimuthally asymmetric temperature structure in the galaxy cluster
core. Machacek et al. (2002) claim that the observed X-ray structure is consistent
with Abell 2218 being an off-axis merger system at roughly 1 to 2Gyr after the initial
interaction (Machacek et al., 2002). Govoni et al. (2004) derived a temperature map
from Chandra observations that confirms the irregular temperature distribution. They
suggest that Abell 2218 is at a later merger state. Schallwich and Wielebinski (1979)
detect a complex radio source at the center of Abell 2218 with the Effelsberg 100-m
single dish telescope measuring a total flux density of 28mJy at 2.7GHz. Most of
the compact radio sources in the central part of Abell 2218 show optical counterparts,
mainly elliptical galaxies which are cluster members (Le Borgne and Vilchez-Gomez,
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1993). Birkinshaw (1986) and Moffet and Birkinshaw (1989) detected a radio halo in
Abell 2218 using the Cambridge One-Mile Radio Telescope at 408MHz and 1.4GHz
as well as the VLA at 1.4GHz and 4.8GHz, respectively. Partridge et al. (1987)
measured a flux density of the radio halo of 0.6mJy at 5GHz. The radio halo was then
observed by Giovannini and Feretti (2000) with the VLA in C- and D-configuration
at 1.4GHz. They measured an integrated flux density of 4.7mJy at 1.4GHz with
an LLS of 490 kpc. The fact that the radio halo in Abell 2218 is smaller than typical
cluster-wide radio halos and that there is a slight offset between the peaks of the radio
and the X-ray emission supports the idea that Abell 2218 is at a late merger state. A
closeby source to the north is obscuring the diffuse radio emission.
We have recovered the diffuse radio emission at 346MHz (see Fig. 4.7) with a
significantly higher LLS of about 0.8Mpc than in the map at 1.4GHz shown by
Giovannini and Feretti (2000). We do not confirm the offset between the radio halo
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Figure 4.7: Radio and X-ray emission in Abell 2218. Left image:
Black contours: WSRT 346MHz image. The noise level
is σrms ≈ 0.4mJybeam−1. Contour levels are drawn at
[−1.2, 1.2, 1.7, 2.4, 3.4, 4.8, 6.8, 9.6, 13.6, 19.2]mJy. The negative contour
is drawn with a dashed line. The shape of the restoring beam is
53′′× 48′′ with a position angle of −180◦. Colorscale: see Fig. 4.3.
Right image: Radio contour map at 1.4GHz overlaid on an optical
DSS image, adapted from Giovannini and Feretti (2000).
peak and the X-ray peak. In our maps both positions agree with each other within
the uncertainties of our resolution. We note that our recovered morphology is very
different from the one presented in Giovannini and Feretti (2000). We measure an
integrated flux density of 34.6 ± 8.6mJy excluding the area of the closeby compact
source to the north and thus estimate the spectral index to be about −1.4. The
significantly larger extent of the radio halo in our 346MHz image of Abell 2218 may
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indicate that the turbulent energy dissipated in the ICM started to slowly decrease
in the outskirts of the galaxy cluster, leaving behind a population of aged electrons
at larger radial distances from the galaxy cluster core (see, e.g., Feretti et al., 2004a).
Such an aged population may not be visible anymore at 1.4GHz. On the other hand,
the sensitivity of the 1.4GHz observation could have been too low to recover the more
extended parts of the radio halo.
4.6 Abell 2219
Abell 2219 is a hot and X-ray luminous galaxy cluster. It is located at a redshift
z = 0.2256 and shows evidence of an undergoing complex merging episode, where
many clumps, possibly in different dynamical states, are involved (Boschin et al.,
2004). The bimodal core structure, associated with the two BCGs, as well as the
overall X-ray morphology suggest a major merger in an advanced state along the
northwest-southeast direction (Rizza et al., 1998). Recent detailed Chandra studies
revealed the existence of multiple surface brightness edges, namely two low Mach
number shock fronts (M ∼ 1.2) to the northwest and to the southeast as well as
indications of a sloshing cold front at a distance of 360 kpc from the galaxy cluster
center (Million and Allen, 2009; Canning et al., 2015). Bacchi et al. (2003) observed
this cluster with the VLA in C- and D-configuration at 1.4 GHz and discovered a radio
halo with an integrated flux density of 81 ± 4mJy and an LLS of 2.2 Mpc. It thus
belongs to the brightest and most extended radio halos known so far. The radio halo
is superimposed by a strong central radio source, which is a blend of three distinct
components that are associated with cluster galaxies (Owen et al., 1992). Orrú et al.
(2007) investigated the radio halo with the VLA at 325MHz und measured a total flux
density of 232 ± 17mJy, after subtracting discrete sources, and an average spectral
index of 0.9± 0.1.
We have recovered the diffuse radio emission at 346MHz (see Fig. 4.8) and confirmed
the LLS to be about 2.3Mpc. The central radio source also dominates the radio
emission of the galaxy cluster in our WSRT radio maps. We thus can only estimate
the flux density of the radio halo to be 135 ± 10mJy after subtracting the compact
sources. So we estimate a spectral index of the radio halo of about −0.4. This
corresponds to the spectral index of compact “core-dominated” flat spectrum radio
sources (α ≲ −0.5), which are often identified with quasars having their jets closely
aligned with the line of sight (see, e.g., Barthel et al., 2000). This scenario is ruled
out by the size of the diffuse radio emission and the fact that Bacchi et al. (2003)
could clearly separate the diffuse radio emission from the embedded compact sources
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Figure 4.8: Radio and X-ray emission in Abell 2219. Black contours: WSRT
346MHz image after subtracting compact sources. The noise
level is σrms ≈ 0.7mJybeam−1. Contour levels are drawn
at [−2.1, 2.1, 3.0, 4.2, 5.9, 8.4, 11.9, 16.8, 23.8, 33.6]mJy. The negative
contour is drawn with a dashed line. The shape of the restoring beam is
72′′× 58′′ with a position angle of 4◦. Colorscale: see Fig. 4.3.
at 1.4GHz. We suspect that our radio map imaged at the highest possible resolution
of the WSRT still contains a significant flux density contribution of the radio halo.
Subsequently, we might have erroneously subtracted part of the diffuse flux density,
which is then missing in the low resolution image. There is a slight offset between
the peak of the radio and the X-ray emission visible in the image after subtracting
the compact sources. Since we might have subtracted too much of the central radio
source, this detection of the offset should be taken with caution. In contrast with
most of the radio halos investigated in the framework of the WSRT Legacy Survey,
the radio halo emission is more extended than the X-ray emission. This indicates
that a sufficient amount of turbulent energy is dissipated in the low-density area of
the cluster outskirts, probably due to shocks propagating outwards. This scenario
is suggested by the detection of several surface brightness jumps in the outskirts of
Abell 2219.
4.7 Abell 2254
Abell 2254 is a dynamically disturbed galaxy cluster at a redshift of z = 0.178. The
galaxy cluster hosts four dominant cluster galaxies, three of which are located at the
eastern boundary of the galaxy cluster. From optical and X-ray analysis it has been
revealed that Abell 2254 is mainly characterized by a bimodal structure along the
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east-west direction (Girardi et al., 2011), but may consist of up to five subclusters. In
addition, the absence of a temperature drop in the core suggests a merging scenario
in which the eastern group has just passed through the main system and disrupted
the cool core. The first evidence of an extended diffuse radio emission located in
Abell 2254 was reported by Owen et al. (1999). Giovannini et al. (1999) classified this
emission as a radio halo with an LLS of about 1Mpc and a flux density of 32mJy
derived from NVSS images at 1.4GHz. Govoni et al. (2001b) confirmed the presence
of the radio halo with VLA observations at 1.4GHz. Their images show a very clumpy
and irregular structure of the radio halo. They could recover a diffuse flux density
of 33.7mJy and an LLS of 1.2Mpc at 1.4GHz. To the northeast, a compact radio
source, associated with a cluster galaxy (Girardi et al., 2011), with a flux density of
about 38mJy at 1.4GHz is embedded in the radio halo emission.
We detected the radio halo in our maps at 346MHz (see Fig. 4.9) and measured the
flux density of the radio halo to be 176± 9mJy within the 3σ contours avoiding the
compact radio source to the northeast. This corresponds to a spectral index of about
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Figure 4.9: Radio and X-ray emission in Abell 2254. Black
contours: WSRT 346MHz image. The noise level is
σrms ≈ 1.0mJybeam−1. Contour levels are drawn at
[−3.0, 3.0, 4.2, 6.0, 8.5, 12.0, 17.0, 24.0, 33.9, 48.0, 67.9]mJy. The negative
contour is drawn with a dashed line. The shape of the restoring beam
is 151′′× 44′′ with a position angle of 0◦. Colorscale: XMM-Newton
reduced archival data (Observation ID 0601080101).
−1.2. In our image the radio halo is extended up to an LLS of 1.3Mpc. This size is
comparable to the size of the radio halo at 1.4GHz. Following the 3σrms contour lines
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the radio halo in Abell 2254 nicely matches the X-ray surface brightness distribution.
This is evidence that the ongoing merger episode has introduced turbulence in nearly
the whole volume of the denser ICM. According to the evolutionary model by Donnert
et al. (2013), such a radio halo indicates that we witness the most violent merger stage
right after the core passage.
4.8 Abell 2319
Abell 2319 is a well-studied galaxy cluster at a redshift of z = 0.056. It actually
consists of two separate galaxy clusters superimposed along the line of sight, which was
first reported by Faber and Dressler (1977). The smaller galaxy cluster Abell 2319B is
located 10′ to the northwest of the more massive central galaxy cluster Abell 2319A
(Oegerle et al., 1995). Extensive studies in X-ray revealed several signatures of
merger activity, in particular the presence of an inhomogeneous temperature structure
(Sugawara et al., 2009), including a cool spot located close to Abell 2319B (Markevitch,
1996; Molendi et al., 1999). Furthermore, a cold front has been detected to the
southeast of the cD galaxy (O’Hara et al., 2004) as well as a cool arm extending from
the tip of the cold front into the direction of Abell 2319B (Govoni et al., 2004). It is
suggested that both galaxy cluster parts are probably gravitationally bound and have
recently undergone a major merger seen in projection (50◦ ± 20◦) (Yan et al., 2014).
Harris and Miley (1978) have detected an irregular radio halo of ∼ 10′ size with the
WSRT at 610MHz. After subtracting five discrete sources, they have measured a total
flux density of the radio halo of 1.0±0.2 Jy. Feretti et al. (1997b) mapped the irregular
structure of the radio halo, tracing the X-ray surface brightness from the northeast
to the southwest, with the WSRT at 1.4GHz. They recovered a total flux density of
153mJy after point source subtraction and an LLS of about 15′. Furthermore, they
reported about a measurement with the Northern Cross Radio Telescope, yielding
a flux density of the radio halo of 1.45 Jy at 408MHz. Farnsworth et al. (2013)
measured an integrated flux density of 328 ± 28mJy and an LLS of 2Mpc with the
single dish GBT at 1.4GHz. A recent analysis by Storm et al. (2015) with the VLA
at 1.4GHz and X-ray observations with XMM-Newton revealed a multiple component
radio emission as well as a spiral pattern of the X-ray emitting gas that is commonly
associated with gas sloshing. They decomposed the radio halo emission into a main
component and a core component, which is 1 400 kpc and 800 kpc in size, respectively.
The main component is much more extended to the southwest and does not show a
clear X-ray correlation, whereas the core component coincides with the X-ray core.
Storm et al. (2015) therefore speculate that the main component radio halo evolved
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due to merger-driven turbulence and the core-component halo was created due to gas
sloshing. They measured a total integrated flux density of 240± 10mJy at 1.4GHz.
We have recovered diffuse radio emission at 346MHz (see Fig. 4.10) with a large
angular extent (∼ 22 arcmin=ˆ 1.4Mpc). The analysis of the data was complicated,
because of strong sidelobes (image artifacts) introduced by the nearby radio galaxy
Cygnus A (distance ∼ 8◦), one of the brightest radio sources in the sky. Such sidelobes
often appear if strong sources in the periphery are not properly deconvolved and
calibrated. We could reduce the effect through imaging both fields simultaneously
(CASA option outlierfield). After subtracting the compact sources embedded in
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Figure 4.10: Radio and X-ray emission in Abell 2319. Black contours: WSRT
346MHz image after subtracting compact sources. The noise
level is σrms ≈ 0.9mJybeam−1. Contour levels are drawn at
[2.7, 3.8, 5.4, 7.6, 10.8, 15.3, 21.6, 30.5, 43.2]mJy. The shape of the
restoring beam is 83′′× 50′′ with a position angle of −174◦. Colorscale:
see Fig. 4.3.
the diffuse radio emission, we measure a total integrated flux density of the radio halo
of 1 283± 91mJy. Compared to the 1.4GHz map published by Feretti et al. (1997b),
the radio halo in Abell 2319 appears to be significantly more extended at 346MHz in
all directions, but is similar in its extension if compared with the VLA map by Storm
et al. (2015) at 1.4GHz. Thus, the presumably larger extension detected at lower
frequencies might simply be caused by a lower sensitivity of the older observations.
Abell 2319 is the only galaxy cluster in the framework of the WSRT Legacy Survey
for which measurements of the flux density for more than one more frequency are
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available. This allows us to compare the measured flux densities in the literature with
our measurement, see Fig. 4.11. Additionally, we overplotted the spectral index of
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Figure 4.11: Spectral index of Abell 2319. The plot shows measured integrated
flux density after subtracting compact sources versus the observation
frequency adapted from literature. Errorbars are shown if provided in
literature, otherwise the error is assumed to be ± 10%, see text. The
straight line represents the spectral index of −1.
α = −1 for orientation. The plot shows that there are three significantly different
measured values at 1.4GHz (GBT, WSRT, and VLA) as well as quite high values
measured at 408MHz and 610MHz. In order to measure the diffuse flux density in
the area of Abell 2319, Farnsworth et al. (2013) took all sources visible in the NVSS
image at 1.4GHz down to a flux density threshold of 1.35mJy and convolved them
with the GBT beam (θ = 45′′). The achieved convolved image was then subtracted
from the observed GBT map, but unidentified compact sources may still contribute
to their flux density estimate. On the other hand, the radio halo in Abell 2319 has
a largest angular extent of ≈ 22′′, so part of the radio halo might be beyond the
sensitivity of the VLA, see equation 3.6. The GBT does not suffer from missing short
spacings and is thus able to recover the full extent of the radio halo. Because of the
large beam size of the GBT, the true extent of the radio halo might be potentially
broadened.
Furthermore, the values at 408MHz and 610MHz are rather old. The calibration
and imaging techniques as well as the flux density reference scale has changed (Scaife
and Heald, 2012). That’s why we believe that the most recent measurement by Storm
et al. (2015) is more suitable as a 1.4GHz reference for our WSRT map. We thus
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estimate a spectral index of the radio halo to be about −1.2.
4.9 RXCJ1053.7+5452
RXC J1053.7+5452 is a nearby and poorly studied cluster at a redshift of z = 0.0704.
This cluster is listed in the Cluster Infall Regions in the Sloan Digital Sky Survey
(SDSS) (Cluster Infall Regions in the SDSS (CIRS)) catalog (Rines and Diaferio,
2006). Rudnick and Lemmerman (2009) reported the existence of a radio relic at the
cluster’s periphery with an extent of 1Mpc. They measured a total diffuse flux density
of 360mJy at 325MHz. The galaxy cluster was observed by van Weeren et al. (2011)
with the WSRT at 1 382MHz. They recovered an extent of the radio relic of 600 kpc
and a total diffuse flux density of 15± 2mJy.
We have recovered the diffuse radio emission at 346MHz (see Fig. 4.12) with a
similar LLS and a flux density of 33.8 ± 2.0 (excluding the compact source to the
north). Since there were no further complications in the imaging and the measurement
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Figure 4.12: Radio and X-ray emission in RXC J1053.7+5452. The blue arrow is
indicating the location of the radio relic. Black contours: WSRT
346MHz image. The noise level is σrms ≈ 0.5mJybeam−1. Contour
levels are drawn at [−1.5, 1.5, 2.1, 3.0, 4.2, 6.0, 8.5, 12.0, 17.0, 24.0]mJy.
The negative contour is drawn with a dashed line. The shape of the
restoring beam is 58′′× 46′′ with a position angle of 0◦. Colorscale: see
Fig. 4.3.
of the flux density, we do not expect to miss a significant amount of flux density. This
analysis results in a spectral index of α ≈ −0.6, thus far too shallow for being a radio
relic. Probably, we see extended structure of a radio galaxy with the core being the
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compact source to the north. At the location of the compact source we identify the
faint galaxy SDSS J105250+545727.
Therefore, we would classify the radio source in RXCJ1053.7+5452 as a radio
galaxy, as long as no further evidence, e.g. detection of polarization, is found.
4.10 Concluding remarks on the WSRT Legacy Survey
Tab. 4.3 provides an overview of the results of the WSRT 346MHz Legacy Survey. The
WSRT 346MHz Legacy Survey was a powerful survey, since we were able to detect
diffuse radio emission in all of our targets. On the other hand, the analysis was often
affected by compact sources embedded in the diffuse radio emission. Some of these
compact sources turned out to be rather hard to isolate, since the resolution of the
instrument sets strict limits. Where necessary we applied our subtraction procedure:
We imaged the target fields with uniform weighting cutting off the short baselines
(uvrange< 0.6 kλ), used the images as a model of the compact sources for subtraction
and estimated the flux density of the diffuse radio sources in the residual images. For
most of the sources, we could reliably measure the flux density of the diffuse radio
sources and recovered their morphology at 346MHz. We
– confirmed the radio relics in Abell 115, Abell 1240, and Abell 2061,
– confirmed the radio halos in Abell 1758, Abell 2218, Abell 2219, Abell 2254, and
Abell 2319,
– revealed a much larger extent and a different morphology of the radio halo in
Abell 2218 than previously known,
– classified the radio relic candidate in RXC J1053.7+5452 as a radio galaxy, and
– detected the potential peak of the recently reported radio halo in Abell 2061.
An older population of electrons should be visible at such low frequencies, but in our
survey the morphology and the extent of the diffuse radio emission at 346MHz agrees
well with the ones at 1.4GHz. Either we overestimate the occurrence of aged cosmic
ray electron populations or our instrument is still not sensitive enough to detect them.
On the other hand, the spatial dependence of the spectral index in radio halos as well
as in radio relics strongly depends on the underlying mechanisms and the history of
the origin of the diffuse radio emission.
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5 The complex merging galaxy cluster
Abell 2069
5.1 Galaxy cluster details
Abell 2069 is a complex galaxy cluster at a redshift of z = 0.116 (Struble and Rood,
1999). Together with Abell 2034, Abell 2049, Abell 2062, and Abell 2083, it is part of
the so-called ‘A2069-supercluster’ (Einasto et al., 1997) at a mean redshift of z = 0.11
(Small et al., 1997b). The Corona Borealis supercluster (Small et al., 1997b,a) is
located in the foreground (z = 0.07) of Abell 2069. Abell 2069 is a merging system
(TX ∼ 6.4 keV) with a moderately high X-ray luminosity LX = 4.6·1044 erg s−1 (Owers
et al., 2009). Recent observations with the Planck satellite provide a cluster mass of
M ≈ 5.4 ·1044M⊙ (Planck Collaboration et al., 2015). Two BCGs (Gioia et al., 1982)
are located at the center with a projected distance of about 55 kpc. X-ray and optical
observations revealed two distinct components, in the following denoted A and B,
which are separated by ≈ 1Mpc from each other (Gioia et al., 1982).
The cluster component B has a peculiar velocity of 485 km s−1 with respect to the
mean cluster redshift. Owers et al. (2009) detected a cold front towards the northwest
of Abell 2069B along with an extension of X-ray emission towards the southeast.
Furthermore, the X-ray temperature map by Owers et al. (2009) shows a complex
temperature distribution of the X-ray emitting gas and no cool core in the main
cluster component Abell 2069A. This suggests a complex dynamical state and thus
indicates ongoing merger activities in Abell 2069A.
5.2 Diffuse radio emission at 346MHz
Giovannini et al. (1999) reported a radio relic candidate of Abell 2069 found in the
NVSS at 1.4GHz, see left image of Fig. 5.1. We observed the galaxy cluster Abell 2069
as a part of the WSRT 346MHz Legacy Survey. The right image of Fig. 5.1 shows
the area of the radio relic candidate as imaged with our data at 346MHz. Within
the 3σrms contour we measure a flux density of the diffuse radio source to be 51 ±
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Figure 5.1: The radio relic candidate in Abell 2069. Left image: Black
contours: NVSS image at 1.4GHz. Contour lines are drawn at
[0.9, 1.35, 2, 4, 8, 16, 32, 64]mJy. Greyscale: Optical image from the
Digitized Palomar Sky Survey (Digitized Palomar Sky Survey (PSS)).
Adapted from Giovannini et al. (1999). Right image: WSRT 346 MHz
radio map imaged with Briggs weighting (robust=0.0 in CASA). The
noise level is σrms ≈ 0.5mJybeam−1. Contour lines are drawn from
3σrms on and are spaced by
√
2. The negative contour line is drawn at
−3σrms. The shape of the restoring beam is 108′′ × 52′′ with a position
angle of 0◦.
5mJy. Giovannini et al. (1999) noted that the southernmost peak of the diffuse radio
source is a compact source visible in the FIRST catalog. The distance of the radio
relic candidate to the galaxy cluster center is about ≈ 4.6Mpc. No radio relic at
such a distance is reported in the literature so far. Its rather unusual structure and
the presence of another diffuse radio source to the north, which has been revealed
during follow-up observations (see Sec. 5.3), suggests that we see a double-lobed radio
galaxy. The low resolution radio maps at 346MHz prevent us from resolving the inner
structure of this source. Therefore, the nature of this source remains uncertain so far
and will be further discussed in Sec. 5.3.
Searching for radio halos, Farnsworth et al. (2013) studied the galaxy cluster with
the GBT at 1.4GHz and discovered extended emission, see Fig. 5.2, following the
same procedure as described for Abell 2319 (see Sec. 4.8). Because of the large beam
size of the GBT conclusions about the morphology or the internal structure of the
emission are limited. Interestingly, the high sensitivity of the WSRT for diffuse radio
emission revealed previously unknown radio features at the center of the galaxy cluster
Abell 2069. They are denoted with HA, HB and G and are depicted in the left image
of Fig. 5.3. In order to properly recover the diffuse radio emission we needed to
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Figure 5.2: Abell 2069. Red contours: GBT-NVSS residuals at 1.4GHz. The noise
level is σrms ≈ 3.0mJybeam−1 with a beam size of ≈ 9.5′. Contour levels
are drawn at [9.0, 12.0 , 15.0]mJy. Blue contours: ROSAT PSPC X-ray
image smoothed with a 2D Gaussian of σ = 2′. Greyscale: NVSS image
clipped at 1.35mJy (45′′beam)−1. The green arc indicates the location
of the cold front. Adapted from Farnsworth et al. (2013).
reliably identify and isolate embedded compact sources. We thus performed a follow-
up observation of Abell 2069 with the GMRT at a comparable central frequency (see
Sec. 3.3.1). With the GMRT we achieved a high resolution image (14′′ × 7′′) of our
target at 322MHz, see right image of Fig. 5.3. This allowed us to carefully estimate
and remove the contribution of the compact sources from the extended emission.
In both images several sources within the cluster area and its vicinity are evident.
The high-resolution GMRT image reveals that most of the sources visible in the WSRT
image are compact. In particular, the sources B, C, E, F and I show similar flux
densities in both images. In Tab. 5.1 we summarize the flux densities of all sources
measured in the GMRT image at 322MHz.
G is the brightest source in the WSRT image close to the cluster center. Neither in
the FIRST (Becker et al., 2012) survey, the NVSS (Condon et al., 1998) at 1.4GHz,
nor in the VLSS (Cohen et al., 2007) at 74MHz has a source been reported at this
location. The highly resolved GMRT image shows that G is composed of three distinct
sources, in the following indicated as G1, G2 and G3. In the WSRT map the extended
source G2 dominates. In the NVSS the area of source G2 is covered by about 5 beams.
Since the source is not detected at a 3σrms level, its integrated flux density has to be
less than 6.75mJy. Therefore, G2 is a steep spectrum source with a spectral index of
α1400322 < −1.4. The peculiar morphology of G2 may possibly originate from projected
superimposed lobes of a radio galaxy. Radio galaxies with more complex structures are
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Figure 5.3: Left image: See right image of Fig. 5.1. Contour levels are drawn
at [1.5, 3.0, 9.0, 18, 36]mJy. There is no negative flux density below
−1.5mJy within the depicted area. Right image: Red contours: See
the left image. Grayscale: GMRT 322MHz radio map imaged with
Briggs weighting (robust=0.0 in CASA). The map is logarithmically
scaled. Flux density cutoff is set to 3×σrms with σrms ≈ 0.2mJybeam−1.
The shape of the restoring beam (denoted with the blue ellipse) is 14′′×7′′
with a position angle of 73◦.
typically found close to galaxy clusters (Sarazin, 2009). The gravitational potential
well of the galaxy cluster is attracting and accelerating all galaxies to higher velocities
than the ambient ICM. Possibly, while the radio galaxy is moving through the ICM
both lobes could have been bent and decelerated to the north due to ram pressure
(Miley et al., 1972). This would classify the source G2 as a “head-tail” radio galaxy
(see e.g., Owen et al., 1979). At the southern end of the emission’s tail we identified
the faint galaxy SDSS J152358+29551 in the SDSS r-band (Ahn et al., 2012), see the
brown cross in Fig. 5.4. For this galaxy a photometric redshift of zphoto = 0.100 ±
0.042 was determined. Therefore, it could be a member of the galaxy cluster and
is a candidate host for the ‘head-tail’ radio galaxy. Nevertheless, the age of the
plasma in the lobes of radio galaxies can be about ∼ 100Myr (see, e.g., Orrù et al.,
2010; Shulevski et al., 2015), hence the host galaxy might have already moved away
significantly. The sources G1 and G3 are associated with the potential cluster galaxies
SDSS J152404+295608 (zspec = 0.112 ± 0.001) and SDSS J152402+295522 (zphoto =
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Table 5.1: Flux densities of compact sources in Abell 2069 as measured with the
GMRT at 322MHz.
ID flux density
[mJy]
A1⋆ 1.6± 0.3
A2 1.0± 0.3
B 3.8± 0.6
C† 13± 2
D1 0.7± 0.1
D2 0.6± 0.1
E1⋆ 5.8± 0.8
E2 2.5± 0.4
F⋆ 5.2± 0.7
G1⋆ 4.6± 0.8
G2⋆ 52 ± 6
G3⋆ 1.0± 0.3
I† 14 ± 2
J1 0.8± 0.1
J2 1.6± 0.4
K⋆ 1.7± 0.4
Notes. All sources marked with † are cataloged in NVSS and all sources that are
marginally visible in the NVSS postage stamp images are marked with ⋆.
0.111± 0.032), respectively. G1 also shows signs of a “head-tail” structure.
The peak positions of the compact sources E1 and E2 coincide with the foreground
optical galaxies MCG+05-36-028 and WISEPC J152419+2956 (both z = 0.076),
respectively. They may belong to a cluster member of the Corona Borealis Supercluster
(Gioia et al., 1982).
Interestingly, the sources HA and HB, clearly visible in the WSRT image, can
not be linked to any of the compact sources visible in the GMRT image at their
respective locations. The sources D1, D2, located in the subcluster Abell 2069B, are
only marginally visible and can not be counted as a clear detection. The source K,
associated with the southern BCG of the main cluster component Abell 2069A, is
clearly detected, but too faint (⪅ 1mJy) to contribute significantly to the extended
emission seen in the WSRT image. This strongly suggests that HA and HB are
extended diffuse radio features.
In order to recover better only the diffuse part of the emission visible in the WSRT
image we had to image with natural weighting after subtracting compact sources. We
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Figure 5.4: Zoom into the G/HA complex. Red contours: See the red contours
in Fig. 5.3. Green contours: 322MHz GMRT observation. The
noise level is σrms ≈ 0.2mJybeam−1. Contour levels are drawn at
[−0.75, 0.75, 1.1, 1.5 , 2.1]mJy. Background: SDSS-III (Data release 10)
r-band image. Brown cross: Position of the potential host galaxy
producing the radio emission G2.
therefore used the GMRT image as a skymodel to remove all visible compact sources
in the area of Abell 2069. Since the central frequencies of both observations differ by
24MHz, we modelled the sources assuming an overall spectral index of α = −0.8.
Afterwards we subtracted our rescaled GMRT skymodel from the calibrated WSRT
visibilities. We then deconvolved the data again but now using natural weighting
to put more emphasis on shorter baselines, so extended emission is expected to be
recovered better.
The resulting radio map, see the left image of Fig. 5.5, shows extended emission in
the main component Abell 2069A as well as a distinct feature in the subcomponent
Abell 2069B. The extended radio emission of the main component A shows an LLS of
about 900 kpc and is roughly elongated along the semi-major axis of the corresponding
elliptical X-ray structure. In our maps the radio features associated with component
A and B look apparently connected. We interpret this “bridge” as an imaging effect
due to the large beam size of our WSRT map. Furthermore, the peak flux density
of the radio emission in A is significantly shifted to the northwest. Since source G
is a steep spectrum source (< −1.4), the shift might be caused by residual emission
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Figure 5.5: Left image: Black contours: WSRT 346MHz image after subtracting
compact sources. The noise level is σrms ≈ 1.0mJybeam−1. Contour
levels are drawn at [−3.0, 3.0, 4.2 , 6.0, 8.5, 12.0]mJy. The negative
contour is drawn with a dashed line. Blue dashed line: Region where the
radio flux density related to the main cluster component A was measured.
The skymodel for subtraction is based on the measured flux densities in
the GMRT image at 322 MHz, listed in Tab. 5.1. The shape of the
restoring beam is 182′′ × 91′′ with a position angle of 0◦. Colorscale:
X-ray surface brightness in linear scale smoothed with a 2D Gaussian
of a FWHM of 20′′. The cluster components are labeled with A and
B. Right image: Image obtained using a more aggressive subtraction
procedure. The shape of the restoring beam is 170′′×85′′ with a position
angle of 0◦.
of source G. Imaging the WSRT data again now with uniform weighting provides a
higher resolution image which still shows remaining emission at the position of G.
The total missing flux density amounts to 14± 2mJy. This indicates that the source
G in the GMRT observation does not show all the flux density as observed with the
WSRT. We therefore increased the flux density of G in our skymodel by 14mJy and
repeated subtraction and imaging of the WSRT data, see right image of Fig. 5.5. We
now find a remaining LLS of about 750 kpc and a radio to X-ray offset of 120 kpc.
This corresponds to a fractional radio to X-ray offset of 0.16.
The elongated X-ray morphology of the component A, the presence of two BCGs,
and the complex temperature distribution of the X-ray emitting gas are signs of a
recent merger in Abell 2069. Since the morphology of the radio and the X-ray emission
in the main cluster component Abell 2069A agree with each other, we classify the
diffuse radio emission HA as radio halo. Radio halos of similar size have recently
been discovered in the galaxy cluster Abell 1689 (Vacca et al., 2011) and CL0217+70
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(Brown et al., 2011a), whereas the latter halo also shows a slight offset with the
corresponding X-ray peak.
Unfortunately, the map of our 346 MHz observation is not sufficiently deep to
properly constrain the morphology of the source HB, since its size is comparable
to the beam width. But comparing the profile of HB to the restoring beam profile,
we find a slight extension of the source. This indicates, in agreement with the GMRT
observation, that HB is extended.
We estimate the total diffuse flux density of the Abell 2069 cluster complex to be
54 ± 9mJy through measuring within the black contours, see Fig. 5.5. Within the
region enclosed by the blue dashed line (see left image of Fig. 5.5) we measure a flux
density of 39 ± 8mJy for the radio halo HA. In the map obtained with the more
aggressive subtraction of G (see right image of Fig. 5.5) we measure a flux density of
25 ± 9mJy for HA. Those two measurements may only serve as an upper and lower
limit of the real flux density distribution of HA. In the first procedure, part of the
flux density of G possibly remains in the subtracted image, and with more aggressive
subtraction we may also remove part of the diffuse radio emission of the radio halo.
In both maps, we measure a flux density of 15± 2mJy for the unclassified source HB.
Our findings confirm the discovery of diffuse radio emission in Abell 2069 by
Farnsworth et al. (2013). They recovered 28.8 ± 7.2mJy of diffuse flux density at
1.4GHz. Due to the confusion limit the recovered flux density by Farnsworth et al.
(2013) may be contaminated by 8-13mJy because of faint radio sources below the
NVSS threshold. This is a viable assumption, since our GMRT image at 322MHz
already corroborates the presence of several sources that are not or only marginally
visible in the NVSS (see Tab. 5.1). However, the total flux density of these sources
sum up to 11mJy. This is small in comparison to 66mJy of all in the NVSS marginally
visible sources. Comparing our upper (54± 9mJy) and lower (40± 11mJy) limit of the
total diffuse flux density (HA + HB) at 346MHz with the estimated upper (≈ 20mJy)
and lower (≈ 15mJy) limit at 1.4GHz by Farnsworth et al. (2013) (derived by taking
8-13mJy of potential contamination of the flux density measurement into account),
we estimate a spectral index between −0.5 and −1.0. The spectral indices of known
radio halos are between −0.9 and −1.9 (Feretti et al., 2012). Because of the low
surface brightness of the diffuse radio emission, the flux densities in Abell 2069 are
only measured with large uncertainties. Furthermore, we might miss the flux density
of even more extended structures. The area of the lowest contour of the GBT map of
Abell 2069 at 1.4GHz by Farnsworth et al. (2013) (depicted in Fig. 9 of their paper)
is covered by ∼ 40 beams in our radio maps with natural weighting (see Fig. 5.5). Our
rms noise of about 1.0mJy beam−1 thus limits the detection threshold of an extended
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source spread over an area of 40 beams to a flux density of about 19mJy. Nevertheless,
most of the emission originates from the two cluster components A and B. This is in
agreement with the GBT map by Farnsworth et al. (2013). Assuming a spectral
index of α1400346 = −1, we estimate a radio power of P1.4GHz = 2 . . . 3 · 1023WHz−1,
according to equation 2.13. This is about 3 to 5 times lower than expected from the
radio-power -X-ray-luminosity relation (Cassano et al., 2010, 2013).
After the analysis of the observation of Abell 2069 in the framework of the
WSRT 346MHz Legacy Survey we
– suggest that the radio relic candidate proposed by Giovannini et al. (1999) may
be part of a double-lobed radio galaxy,
– revealed that the diffuse radio emission reported by Farnsworth et al. (2013)
is mainly composed of two distinct extended emissions located at both cluster
components A and B of Abell 2069 (Drabent et al., 2015),
– classified the diffuse radio source in the main cluster component Abell 2069A as
a radio halo, and
– found evidence that the radio source discovered in the subcluster component
Abell 2069B is extended.
To overcome the resolution limitations of the WSRT we have performed a high reso-
lution follow-up observation with the GMRT at 322MHz. So we managed to carefully
model and subtract many compact sources from the data to extract the diffuse radio
emission, in particular the radio galaxy G2. The presence of the diffuse radio source
in Abell 2069B is unusual, since only a few radio halos have been found so far in such
poor environments (Feretti et al., 2012). According to its size (⪅ 500 kpc) it would
fit in the regime of radio mini-halos (see Sec. 2.3.3). The presence of a cold front at
the western boundary of the subcluster component Abell 2069B (Owers et al., 2009)
suggests that we might see a radio mini-halo (Mazzotta and Giacintucci, 2008). Cold
fronts indicate the presence of gas sloshing in cool core galaxy clusters (Gitti et al.,
2002, 2004). The gas sloshing might then generate turbulence (ZuHone et al., 2011).
Turbulence is in turn able to re-accelerate cosmic ray electrons to highly relativistic
energies and then produce diffuse synchrotron emission (see Sec. 2.4.3). Unfortunately,
the resolution of the Chandra temperature map by Owers et al. (2009) is not sufficient
to detect a cool core in Abell 2069B. On the other hand, the diffuse radio emission
in B might be caused by highly relativistic electrons generated by hadronic collisions
(Zandanel et al., 2014), see Sec. 2.4.2. Finally, HB could be simply caused by fossil
plasma ejected during a former active phase of an AGN located in Abell 2069B.
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A proper classification of the source is crucial for the understanding of the dynamics
of the galaxy cluster complex Abell 2069. To further constrain the morphology and
the spectrum of HB, we performed an observation of the Abell 2069 field with the
LOFAR HBA at a central frequency of 153MHz. The results are presented in the
following section.
5.3 Low frequency analysis with the LOFAR HBA
With the LOFAR HBA follow-up observation of Abell 2069 we study the morphology
and the spectrum of the diffuse radio emission in both galaxy cluster components at
very low frequencies (ν = 153MHz). We aim to confirm the radio halo in Abell 2069A
and to clarify the nature of the source in Abell 2069B. Thanks to baselines ranging
from ∼ 100m up to ∼ 100 km in our LOFAR observation, we are able to achieve
images at high (∼ 5′′) and low resolution (∼ 100′′). That’s why we do not rely on
additional models or observations from other telescopes for a proper discrimination
of compact sources from diffuse radio emission. Furthermore, thanks to the wide
FoV, a single LOFAR pointing allows us to detect and investigate a large number of
nearby radio sources with high fidelity. The radio galaxy 4C+28.39 (Parma et al.,
1987) (z = 0.0825) of type FRI (see Fanaroff and Riley, 1974, for a morphological
classification of radio galaxies) ∼ 2◦ south of our target illustrates the capabilities of
the instrument, see Fig. 5.6. At low frequencies this radio galaxy is significantly more
extended. Especially at the southern lobe, an extended area of old electrons appears.
The stripped pattern close to the radio galaxy core is caused by remaining image
artifacts.
Besides our target Abell 2069 (see Sec. 5.3.2 and 5.3.4), we present the radio images
of the galaxy clusters Abell 2061 (see Sec. 4.4), Abell 2065, and Abell 2067 from the
Corona Borealis Supercluster (Sec. 5.3.1) as well as classify the former radio relic
candidate.
5.3.1 The Corona Borealis Supercluster field
In Fig. 5.7 we present the total intensity 5◦ widefield image of the target field resulting
from the direction-independent LOFAR HBA data reduction. The Fig. 5.8 illustrates
the location of the galaxy clusters Abell 2061, Abell 2065, and Abell 2067 with respect
to Abell 2069. The sensitivity of our LOFAR HBA observation is high enough to
recover the diffuse radio emission of Abell 2061 (see Fig. 5.9) and Abell 2065 (z =
0.0726) at a resolution scale of ∼ 25′′. The galaxy cluster Abell 2061 was observed in
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Figure 5.6: Upper panel: LOFAR HBA map of the radio galaxy 4C+28.39 using
the full bandwidth from 117MHz to 189MHz. The noise level is σrms ≈
0.2mJy. Contours are spaced by
√
2 beginning from 3σrms. The dashed
contour line is drawn at −3σrms. The shape of the restoring beam is
7′′ × 5′′ with a position angle of 98◦. Lower panel: VLA maps of the
radio galaxy 4C 28+39 at 1.4GHz adapted from de Ruiter et al. (1986)
and Fanti et al. (1987) (from left to right).
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Figure 5.7: Total intensity 5◦ widefield image of the Corona Borealis Supercluster
field including Abell 2069 with LOFAR HBA using the full bandwidth
from 117MHz to 189MHz. The noise level is σrms ≈ 450 μJy. The shape
of the restoring beam is 28′′ × 24′′ with a position angle of 46◦. The
colorscale unit is Jy. The image is not corrected for the primary beam.
the framework of the WSRT 346MHz Legacy Survey (see Sec. 4.4). In our LOFAR
HBA image the radio relic is clearly visible and significantly more extended than at
346MHz. We measured a flux density of 308±34mJy for the radio relic in Abell 2061
after subtracting the contribution of compact sources. This corresponds to a steep
spectral index of −1.5± 0.2 between our LOFAR HBA measurement at 153MHz and
the WSRT measurement at 346MHz. On the other hand, we derive a much flatter
spectral index of −1.1±0.2 between 153MHz and 1.4GHz using recent measurements
by van Weeren et al. (2011). Such a steepening of the spectrum at low frequencies
disagrees with the DSA model. Since Abell 2061 is located at a distance of 1◦ from
the phase reference center, the primary beam pattern is significantly attenuating the
brightness level (≈ 30%). The applied primary beam correction might have introduced
additional errors we have not yet accounted for. So we derived the average ratio
between the flux densities of all sources in the 7C catalog (Hales et al., 2007) and
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Figure 5.8: Greyscale plot of the galaxy surface overdensity in the field of the Corona
Borealis Supercluster for all galaxies brighter than 19th magnitude in r-
band. Image adapted from Small et al. (1998).
the flux densities of sources located at a comparable distance to the phase reference
center in our LOFAR HBA map. We estimated an average uncertainty of ∼ 10%
between our primary beam corrected map and the 7C flux densities. Since the radio
relic is much more extended at 153MHz, we might simply miss the flux density of this
area at 346 MHz (see black and blue contours in the left image of Fig. 5.9) because of
sensitivity limits of the WSRT. Furthermore, the LOFAR HBAmap reveals low surface
brightness emission of an LLS of about 0.9Mpc in the galaxy cluster Abell 2061,
beyond the peak emission already discovered with the WSRT at 346MHz. We thus
confirm the detection of a radio halo in Abell 2061 by Farnsworth et al. (2013) and
measure a flux density of 320± 33mJy at 153MHz. The spectral index of the radio
halo between 153MHz and 1.4GHz is estimated to be −1.3 ± 0.2, which is typical
of already known radio halos (Feretti et al., 2012). Interestingly, the peak of the
radio halo shows a very steep spectrum (−1.9± 0.2) when comparing its flux density
between the LOFAR HBA map at 153MHz (164 ± 17mJy) and the WSRT map at
346MHz (40.8± 3.2mJy). Farnsworth et al. (2013) speculated about a radio relic in
Abell 2067 and the existence of a filamentary bridge between both galaxy clusters. Our
LOFAR image does not provide any evidence for a radio bridge between Abell 2061
and Abell 2067 (see right image of Fig. 5.9), but there is an increased noise level
between the radio relic and the radio halo of Abell 2061.
Close to the FWHM of the LOFAR primary beam we detected the radio halo in
79
Abell 2069 5.3 Low frequency analysis with the LOFAR HBA
0.12 0.29 0.46 0.63 0.79 0.96 1.1 1.3 1.5 1.6 1.8
23:12.0 22:24.0 21:36.0 48.0 15:20:00.0
06m
31d00m
54m
48m
42m
36m
30d30m
Right ascension
D
ec
lin
at
io
n
500 kpc
Figure 5.9: Radio and X-ray emission of the galaxy cluster complex Abell 2061
and Abell 2067. Upper panel: Blue contours: see left image of
Fig. 4.6. Black contours: see Fig. 5.7. Contours are spaced by
√
2
beginning from 2
√
2σrms. The dashed contour line is drawn at−2
√
2σrms.
Colorscale: Smoothed ROSAT Position Sensitive Proportional Counter
(PSPC) image. Lower panel: GBT-NVSS residuals at 1.4GHz, see
Fig. 5.2. 80
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Abell 2065, first reported by Farnsworth et al. (2013). In Fig. 5.10 we present the first
detailed map of the radio halo in comparison to the map published in Farnsworth
et al. (2013) with an LLS of about 0.9Mpc. The morphology coincides well with the
X-ray surface brightness distribution, indicating that the cosmic ray electrons causing
the synchrotron emission are mixed with the ICM.
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Figure 5.10: Radio and X-ray emission of Abell 2065. Left image: Black contours:
see Fig. 5.7. Contours are spaced by
√
2 beginning from 3σrms. The
dashed contour line is drawn at −3σrms. Colorscale: See Fig. 5.5 using
observation ID 3182. Right image: GBT-NVSS residuals at 1.4GHz,
see Fig. 5.2.
The nature of the former radio relic candidate in Abell 2069 is still unclear. The
capability of LOFAR to provide sensitivity at resolutions from ∼ 5′′ to ∼ 100′′ reveals
that the radio relic candidate is composed of diffuse radio emission and a compact
radio source (FIRST J152619.4+292931) to the south associated with the galaxy
SDSS J152619+292934 located at a spectroscopic redshift of z = 0.63 (Ahn et al.,
2012). Interestingly, further north another bright diffuse radio source of similar
structure is present showing a clear hotspot to the north, see Fig. 5.11. The radio
galaxy SDSS J152611+293904 might be a potential host of the radio lobes and is
located at the same redshift as the galaxy cluster Abell 2069 (z = 0.117). Its position
is indicated with the blue cross. Consequently, we speculate that the radio relic
candidate of Abell 2069 is the southern lobe of the rare type of giant radio galaxies
(see, e.g., Malarecki et al., 2013). The extent of this potential giant radio galaxy is
∼ 2Mpc. The spectral index of the southern lobe between 153MHz and 346MHz is
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Figure 5.11: LOFAR HBA map of the giant radio galaxy close to Abell 2 69.
The southern lobe has earlier been classified as radio relic candidate
(Giovannini et al., 1999). Red contours: see Fig. 5.10. The blue cross
marks the position of the potential host galaxy. Greyscale: SDSS-III
r-band image.
very steep (−1.5±0.3), whereas the significantly brighter northern lobe shows a flatter
spectrum (−1.0± 0.2).
In Fig. 5.12 we present the radio contours of Abell 2069 overlaid on the Chandra
X-ray surface brightness map. Both diffuse radio emission, HA and HB, are clearly
visible and extended. The overall morphology of HA and HB is constrained much
better than with the WSRT at 346MHz (see Fig. 5.5). We identified all compact
sources embedded in the radio halo in Abell 2069A and the diffuse radio emission in
the subcluster Abell 2069B using the GMRT 608MHz radio map, depicted with green
contours in Fig. 5.12. In the following, we discuss our results on the individual diffuse
radio sources in Abell 2069.
5.3.2 The radio halo in Abell 2069A
The radio halo in Abell 2069A in our LOFAR HBA map clearly coincides with the X-
ray surface brightness distribution. The morphological similarity between the thermal
X-ray surface brightness and the relativistic electron distribution seen in the radio
emission indicates a correlation of energy densities (Govoni et al., 2001a). Such a
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A
B
Figure 5.12: Black contours: See Fig. 5.10. Green contours: GMRT 608MHz image.
The noise level is σrms ≈ 50 μJy. Contours are spaced by
√
2 beginning
from 3σrms. The dashed contour line is drawn at −3σrms. The shape of
the restoring beam is 5′′ × 4′′ with a position angle of 70◦. Colorscale:
See Fig. 5.5.
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relation is expected for radio halos and also for radio mini-halos. First, the X-ray
emissivity jX of the thermal bremsstrahlung in the ICM is related to the electron
number density ne− and the electron temperature Te− of the ICM as follows
jX ∝ n2e−
√
kBTe− , (5.1)
with the Boltzmann constant kB (see also equation 2.1). For an isothermal ICM, we
can assume that the thermal energy density εth is proportional to the electron number
density and the electron temperature of the ICM, yielding
jX ∝ ε2th (kBTe−)−
3
2 . (5.2)
Secondly, to derive the radio emissivity jradio we need to integrate the synchrotron
spectrum of a single cosmic ray electron dPdν multiplied by the number density n of
the cosmic ray electrons in the energy regime between γ and γ + dγ over all energies
according to our observational frequency coverage. In case of a power-law energy
distribution with index p (see equation 2.3), we get
jradio =
∫
n (γ)
dP
dν
dγ ∝ εCReB
1−p
2 ν
1+p
2 , (5.3)
where εCRe is the cosmic ray energy density. For a typical spectral index of α = −1
(p = −3, see also equation 2.5) we can write
jradio ∝ εCReεBν−1, (5.4)
where εB is the magnetic energy density. As discussed in Sec. 2.1, a fraction of
the energy dissipated via turbulence during structure formation, e.g, galaxy cluster
mergers, may also be channeled into the acceleration of thermal electrons to relativistic
energies as well as into the amplification of the intracluster magnetic fields. It is thus
feasible to assume that εCRe ∝ εth and εB ∝ εth. Therefore, in an isothermal ICM,
the radio emissivity and the X-ray emissivity are correlated.
To compare better the X-ray and the radio emission structure, we divided the area of
HA into regions of concentric elliptical annuli centered at the X-ray surface brightness
peak. The regions are chosen in such a way that they cover the area where X-ray and
radio emission is present at a > 3σrms confidence level (see left panel in Fig. 5.13). We
subtracted all detected X-ray point sources in the Chandra image according to the
procedure described in Sec. 3.7 and smoothed the X-ray image with a Gaussian of a
FWHM similar to the restoring beam of our LOFAR HBA map (25′′). The achieved
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Figure 5.13: Blue lines: Regions chosen for measuring the X-ray to radio surface
brightness comparison and the emissivity for Abell 2069A (left panel)
and for Abell 2069B (middle panel). The right panel shows the regions
chosen for measuring the radial X-ray and radio profile across the cold
front. Colorscale: Subtracted X-ray surface brightness, see Fig. 5.5 and
Sec. 3.7.
scatter plot of our X-ray to radio surface brightness comparison for Abell 2069A is
presented in the upper panel of Fig. 5.14. Each point of the scatter plots represents the
mean of a concentric annulus and each error bar the corresponding standard deviation.
We have fitted the correlation to a power-law relation of the type
⟨I153MHz⟩ ∝ ⟨IX⟩b (5.5)
with the averaged flux density at 153MHz ⟨I153MHz⟩ and the averaged X-ray flux
density ⟨IX⟩.
With our fit we measure a slope of b = 1.21±0.06 for HA, excluding the data points
measured from annuli dominated by the emission of the radio galaxy G (seen as blue
dashed points). Since we have assumed an isothermal ICM, the complex temperature
distribution of the ICM in Abell 2069A (Owers et al., 2009) might have an impact on
the slope of the relation. Very likely, the slope is affected by emission of the radio
halo not recovered in our image. This steepens the X-ray to radio surface brightness
relation. We note, that Dolag and Enßlin (2000) derived a slope of b = 1.26 in their
simulation of a radio halo in a Coma-like galaxy cluster applying a hadronic model
(see Sec. 2.4.2). Nevertheless, as discussed in Sec. 2.4.2, we consider a purely hadronic
origin unlikely.
Another observable quantity, which characterizes radio halos and also radio mini-
halos, is the volume-averaged radio emissivity ⟨J⟩, as introduced by
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Figure 5.14: Upper panel: X-ray to radio surface brightness comparison for the radio
halo in Abell 2069A. Lower panel: Azimuthally averaged flux density
profile for the radio halo in Abell 2069A. Both relations are measured
from elliptical concentric annuli at a central frequency of 153MHz.
Each point represents the mean of a concentric annulus and each error
bar the corresponding standard deviation. The blue dashed points are
contaminated by the radio galaxy G and are therefore excluded from
the fit. The red solid line shows the best matching exponential fit to
the correlation and the horizontal green dashed line indicates the 3σrms
noise level.
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Murgia et al. (2009)
⟨J⟩
erg s−1 cm−3Hz−1
≃ 7.7 · 10−41 (1 + z)3−α I0
μJy arcsec−2
(
re
kpc
)−1
, (5.6)
where the k-correction (see equation 2.13) and the cosmological dimming of the surface
brightness (see, e.g., Calvi et al., 2014) are taken into account by the factor (1 + z)3−α
and I0 is the radio peak flux density. For the quantity of the volume-averaged radio
emissivity it is supposed that all the emission of a diffuse radio source is distributed
within a sphere of radius 3re, where re is the e-folding radius. In contrast to the X-ray
to radio surface brightness relation, this quantity is quite robust against the sensitivity
of the radio map. Typically, radio halos have a volume-averaged radio emissivity of
⟨J⟩ ≈ 10−42 erg s−1 cm−3Hz−1 (Murgia et al., 2009), see Fig. 2.3, assuming a spectral
index of α = −1. We are able to estimate the radio peak flux density I0 through
fitting the flux density profile of HA
IHA = I0e
− r
re , (5.7)
as described in Orrú et al. (2007). The fit for the emissivity is depicted in the lower
panel of Fig. 5.14 and provides a peak flux density of I0 = 138± 3 μJy arcsec−2 using
an e-folding radius of re = 398 ± 17 kpc. We thus calculate a radio emissivity of
⟨JHA⟩ ≈ 4 · 10−41 erg s−1m−3Hz−1 for HA at a central frequency of 153MHz. The
volume-averaged radio emissivity of HA is thus in the regime of typical radio halos, in
particular it is comparable to the emissivity of the radio halo in Abell 2744 (Govoni
et al., 2001a), assuming a spectral index of α = −1.
Some faint point sources are embedded in HA, appearing as brightness peaks in the
extended radio emission. The overall peak of the radio emission in HA is associated
with the BCG of Abell 2069A as well as with the X-ray surface brightness peak. The
second BCG of Abell 2069A also shows a weak radio feature (< 0.5mJy) in our GMRT
map at 608MHz (not shown here, observational details in Sec. 3.3.3). So both BCGs
are radio sources. Their contribution to the halo emission is still negligible. The
source G2 (see Fig. 5.4 for a comparison at 346MHz) is again the brightest embedded
source in HA at 153MHz with an integrated flux density of 185± 19mJy. We derived
the spectral index of G2, including the analysis of the Abell 2069 field with the GMRT
at 608MHz, to be −1.6± 0.1. Such steep spectra, as in case of source G2, are known
from dying radio galaxies, especially if the emission is dominated by the lobes (see,
e.g., Parma et al., 2007; Brienza et al., 2016).
In our WSRT map at 346MHz we detected a radio to X-ray emission peak offset
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to HA. Such an offset may indicate that the major merger is still in an early or very
late stage (Govoni et al., 2009). With our LOFAR HBA map, which we consider more
reliable, we do not confirm the radio to X-ray emission peak offset of HA.
Cassano et al. (2010) showed that galaxy clusters with and without radio halos
populate different areas when comparing dynamical parameters of the galaxy cluster
derived from a set of morphological parameters of the X-ray emission. The concentra-
tion parameter
C =
S (r < 100 kpc)
S (r < 500 kpc)
(5.8)
is comparing the surface brightness in the direct vicinity within 100 kpc of the X-ray
peak S (r < 100 kpc) with the surface brightness in the ambient regions up to 500 kpc
S (r < 500 kpc) (Santos et al., 2008). Compact cores should provide a much higher
concentration parameter than galaxy clusters, which show a flatter surface brightness
distribution. The centroid shift
w =
1
Rap
√ 1
N − 1
N∑
j=1
(∆j − ⟨∆⟩)2 (5.9)
is a measure of the displacement of the system’s X-ray centroid (O’Hara et al., 2006;
Poole et al., 2006) from the X-ray peak, where Rap is the aperture radius, N is the
number of apertures, ∆j is the distance between the X-ray centroid and the X-ray
peak of the jth aperture, and ⟨∆⟩ is the mean distance between the X-ray centroid
and the X-ray peak of all apertures. Finally, the power ratio P3/P0 is a component
of the multipole decomposition of the two-dimensional projected mass distribution Pj
inside Rap
Pj =
a2j + b
2
j
2j2Rap
, (5.10)
where the moments aj and bj are defined by
aj =
x
r′≤Rap
S
(
r⃗′
)
· (r′)j cos (jφ′) d2r⃗′ (5.11)
bj =
x
r′≤Rap
S
(
r⃗′
)
· (r′)j sin (jφ′) d2r⃗′. (5.12)
Here, the vector r⃗ = (r,φ) consists of the distance r and the angle φ relative to the
galaxy cluster’s centroid. The normalizing component P0 is basically described by the
total intensity a0 within Rap
P0 = a0 lnRap. (5.13)
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The power ratio P3/P0 is sensitive to substructures in the surface brightness distribu-
tion. In the sample of Cassano et al. (2010) the median values of each parameter
w = 0.012, C = 0.2, and P3/P0 = 1.2 · 10−7 are separating galaxy clusters with
and without radio halos using Rap = 500 kpc. So, the galaxy clusters with radio
halos tend to be more disturbed. We have measured the concentration parameter,
the centroid shift, and the power ratio of Abell 2069A to be C = 0.078 ± 0.002,
w = 0.018 ± 0.002, and P3/P0 = (1.8± 0.6) · 10−8 in the point source subtracted
Chandra image using Rap = 500 kpc, respectively. The errors are estimated through
measuring all the parameters in different X-ray images smoothed with a Gaussian
kernel with a FWHM of [2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20]′′. This puts Abell 2069A in
the group of the disturbed galaxy clusters (see upper panel in Fig. 5.15), as regards
to the concentration parameter and the centroid shift. This is in agreement with the
presence of a radio halo. On the other hand, Abell 2069A occupies an empty area in
the C-P3/P0 diagram, indicating that, although it is disturbed, not much substructure
is present (see lower panel in Fig. 5.15). This might suggest that Abell 2069A is in a
transition state between a disturbed and a relaxed configuration (or vice versa), for
instance, at a late merger state, where substructures have been already resolved. The
irregular temperature distribution of Abell 2069A (Owers et al., 2009) still puts it
clearly into the branch of the disturbed galaxy clusters. Moreover, the galaxy cluster
sample we are comparing with in the morphology parameter plots lies within a redshift
range from z = 0.20 to 0.35, whereas Abell 2069A is located at a redshift of z = 0.116.
Cassano et al. (2010) considered that, e.g., the power ratio might evolve with redshift.
We measure a flux density of the radio halo in Abell 2069A of 128 ± 25mJy,
subtracting the contributions of the sources G1, G2 and G3 and excluding the potential
bridge area, see Sec. 5.3.3. The spectral index of HA between 153 MHz and 346MHz
thus ranges from −1.4 to −2.0, taking into account the large uncertainties of our
flux density measurements at 346MHz. So it is quite likely that HA belongs to
the class of ultra-steep spectrum radio halos (α ≲ −1.6). In the framework of the
turbulent re-acceleration model this again suggests that Abell 2069A is in a late merger
state (Donnert et al., 2013). A steep spectrum radio halo can not be explained by
the hadronic model, since the energy budget of the cosmic ray electrons producing
the observed synchrotron emission is implausible for typical cluster magnetic field
strengths of ∼ μG (Brunetti, 2004).
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Figure 5.15: X-ray morphology parameters. Upper panel: Concentration parameter
C versus centroid shift w. Lower panel: Concentration parameter C
versus power ratio P3/P0. Galaxy clusters possessing radio halos are
colored in red, mini-halos are colored in blue, and no radio emission
are colored in black. The galaxy cluster component Abell 2069A is
indicated with a green point. Data adapted from Cassano et al. (2010).
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5.3.3 A potential bridge of radio emission in Abell 2069
Between the X-ray surface brightness peaks of both galaxy cluster components we
have recovered low surface brightness emission, which seems to connect the diffuse
radio emission in both galaxy cluster components. To figure out whether a diffuse
“bridge” connects both diffuse radio features in A and B, we need to exclude whether
we just see several unresolved faint compact sources located in that area and detected
in our GMRT map at 608MHz (see again green contours in Fig. 5.12). There are only
a few galaxy clusters known to exhibit a “radio bridge”. All radio bridges known so
far only reside in the area between radio halos and radio relics (see, e.g., Kim et al.,
1989; Govoni et al., 2005). In such a scenario, the merger episode of a galaxy cluster
could trigger shock waves in the ICM that could cause both the radio halo and the
radio relics (Feretti et al., 2012).
5.3.4 The diffuse radio emission in Abell 2069B
After our analysis of the WSRT 346MHz data, see Sec. 5.2, the nature of the diffuse
radio source HB remained uncertain. The WSRT map did not allow us to draw any
conclusions, whether HB could be an old radio galaxy with an unusual morphology
or whether the radio emission is related to the ICM. In order to constrain better
the nature of the source HB we have reimaged the calibrated LOFAR HBA data at
the highest possible resolution using uniform weighting. We have depicted the high
resolution radio contours of our LOFAR HBA map overlaid on an SDSS-III r-band
image in the upper panel of Fig. 5.16. At a first glance, the ‘V’-shaped X-ray emission
is silimar to the contours of the radio map. In this map, we recover a flux density
of HB of about 40mJy. Furthermore, we have marked all galaxies with a redshift
of z ∼ 0.11 with a cyan cross in the upper panel of Fig. 5.16. These galaxies are
likely members of the galaxy cluster. From this map, we conclude that there is no
hint for an active radio galaxy or its radio lobes causing the diffuse radio emission
in Abell 2069B. Interestingly, the BCG in Abell 2069B shows only a very weak radio
feature of ∼ 0.5mJy at 608MHz and ∼ 0.8mJy at 322MHz in our radio maps achieved
with the GMRT, see again upper panel of Fig. 5.16. We expect a contribution from
the BCG in Abell 2069B of roughly ∼ 1.5mJy at 153MHz, assuming a mean spectral
index of αBCG_B ≈ −0.8. This corresponds to a flux density contamination of the
order of ∼ 1% and is thus negligible for the flux density estimate of the diffuse radio
emission. Therefore, HB is not an AGN, but it might stem from fossil radio plasma
of a dying or already radio-quiet AGN.
In our LOFAR HBA map at an intermediate resolution of 28′′ × 24′′, the whole
91
Abell 2069 5.3 Low frequency analysis with the LOFAR HBA
Figure 5.16: Zoom into the Abell 2069B region. Upper panel: Red contours:
LOFAR HBA map at a central frequency of 153MHz. The noise level
is σrms ≈ 170 μJy. Contours are spaced by
√
2 beginning from 170 μJy.
The dashed contour line is drawn at −3σrms. The shape of the restoring
beam is 7′′×5′′ with a position angle of 98◦. Green contours: See green
contours in Fig. 5.12. Greyscale: SDSS-III (Data release 12) r-band
image. Cyan crosses: Location of galaxies associated with Abell 2069.
Lower panel: See Fig. 5.5 for the background colorscale image, and
see Fig. 5.12 for the black contours.
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projected area of the ICM, indicated by the X-ray surface brightness distribution, is
filled by diffuse radio emission (see lower panel in Fig. 5.16). In this map, we recover
a flux density of HB of 95± 9mJy. We estimate an ultra-steep spectral index of HB
of −2.2 ± 0.3 between 153MHz and 346MHz. Such an ultra-steep spectral index is
typical of fossil radio plasma (Parma et al., 2007). However, the radio emission shows
an LLS of about 450 kpc. This raises the question if this fossil radio plasma could
have been redistributed to distances of several ∼ 100 kpc throughout the ICM.
In order to check whether HB may be related to the ICM, we repeated the analysis
of HA and constructed regions with concentric circular annuli spaced by 6′′ (see middle
panel in Fig. 5.13). Our results for the X-ray to radio surface brightness comparison
and the emissivity of HB are presented in the upper panel and the lower panel of
Fig. 5.17, respectively. It is evident, that both X-ray emission and radio emission
in Abell 2069B are correlated. We found an exponential slope of b = 1.77 ± 0.04
for the X-ray to radio surface brightness comparison and fitted a peak flux density
I0 = 264± 7 μJy arcsec−2 using an e-folding radius of re = 130 ± 5 kpc. This X-
ray to radio surface brightness correlation is evidence that the relativistic electrons
causing the synchrotron emission are mixed with the ICM of Abell 2069B. We therefore
exclude that the emission in Abell 2069B is only caused by fossil radio lobes of a
formerly active AGN phase. From the fitted peak flux density I0 we calculate a radio
emissivity of ⟨JB⟩ ≈ 3·10−40 erg s−1m−3Hz−1 at a central frequency of 153MHz. This
is comparable to the emissivity of the radio mini-halo in Abell 2029 if we extrapolate
its flux density to 153MHz, assuming a spectral index of α = −1. Furthermore,
the volume-averaged radio emissivity of HB is an order of magnitude higher than
typical volume-averaged radio emissivities of radio halos (Murgia et al., 2009). We
thus suggest that HB belongs to the class of radio mini-halos.
Radio mini-halos are typically located in cool core galaxy clusters where a powerful
AGN is present. Govoni et al. (2009) thus speculated about a tendency of cool core
clusters with a more powerful AGN to host more powerful radio mini-halos. In the case
of Abell 2069B the radio power of the BCG is very low in contrast to the brightness of
the radio mini-halo. Govoni et al. (2009) reported a “radio-off” mini-halo candidate in
Abell 1413, but not a single example of a weak BCG emission in a cluster possessing
a radio mini-halo has been confirmed yet. Since AGNs are known to run through
multiple cycles of activity (see, e.g., Murgia et al., 2011), we might be currently
witnessing a recent activity decrease from a formerly active AGN or a recent activity
increase from a formerly inactive AGN.
Alternatively, the hadronic model (see Sec. 2.4.2) may provide an explanation of the
origin of radio mini-halos. Assuming a spheroidal shape for Abell 2069A (semimajor
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Figure 5.17: Upper panel: X-ray to radio surface brightness comparison for the
diffuse radio emission Abell 2069B from circular concentric annuli at a
central frequency of 153MHz, see upper panel in Fig. 5.14 Lower panel:
Azimuthally averaged flux density profile for the diffuse radio emission
in Abell 2069B from circular concentric annuli at a central frequency
of 153MHz, see lower panel of Fig. 5.14.
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axis aA and semiminor axis bA) and a spherical shape for Abell 2069B (radius rB)
we estimate the mass ratio of both galaxy cluster components to be (LX,A/LX,B)2 ·(
a2AbA/r
3
B
) ≈ 104 (fractional luminosity of 0.1). We thus consider a hadronic origin
of HB unlikely, because if secondary electrons are able to produce such a luminous
radio emission in such a poor X-ray environment, one should see “hadronic” radio
halos in virtually every galaxy cluster. The presence of radio halos of that strength
in nearly all galaxy clusters can be excluded by current observational evidence (see
Sec. 2.3.1). Additionally, the ultra-steep spectrum of the radio mini-halo rules out a
purely hadronic origin of the radio mini-halo, as discussed for HA (see Sec. 5.3.2). To
produce HB we need at least a second ingredient, like turbulence, which is enhancing
the brightness of HB. Current so-called “hybrid” models take this into account. The
advantage of secondary electrons serving as seed electrons for turbulent re-acceleration
is a much lower γ-ray emission, which is not detectable within the current FERMI
limits (Pinzke et al., 2015).
The cold front found in the cluster component B to the northwest (Owers et al.,
2009) can be considered as a hint for an ongoing internal gas sloshing present in
Abell 2069B. Simulations by ZuHone et al. (2013) show that gas sloshing potentially
induces turbulence, which eventually causes radio emission. We thus propose a
scenario, where gas sloshing subsequently could have gathered mildly relativistic (or
“aged”) electrons from the fossil plasma reservoir provided during a former active
phase of an AGN in Abell 2069B and re-distributed it within the entire subcluster
volume. An additional supply of seed electrons from the fossil plasma reservoir could
explain the high emissivity of HB. Moreover, the steep slope of the X-ray to radio
surface brightness comparison indicates that the magnetic field strength or the particle
density of the seed electrons decrease stronger than the thermal energy density of the
ICM, see discussion in Sec. 5.3.2. The original distribution of the fossil plasma and
an ongoing gas sloshing in the subcluster may have a stronger impact on the radio
emission distribution of HB than the distribution of the thermal plasma. Furthermore,
gas sloshing can significantly enhance the magnetic field strength in different parts of
the subcluster (ZuHone et al., 2015).
Simulations by ZuHone et al. (2013) show that radio mini-halos created by turbu-
lence in a sloshing core trace the cold front and are confined within its boundary. We
compared the radio profile of HB in our LOFAR HBA map with the X-ray profile in
our Chandra map in the region of the cold front (see right panel of Fig. 5.13). We
have smoothed the X-ray image with a Gaussian to a similar restoring beam size as
the LOFAR HBA map (FWHM of 25′′). Interestingly, the radio emission of HB drops
coincidently with the X-ray surface brightness at the location of the cold front, see
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Fig. 5.18. This suggests that HB is caused by re-acceleration of fossil plasma due to
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Figure 5.18: Azimuthally averaged radio and X-ray profile at the cold front in
Abell 2069B. The profile is measured from the regions depicted in the
right panel of Fig. 5.13. The red dashed line marks the 3σrms level of
the radio map and the black dashed line the proposed location of the
cold front. For illustration purposes both profiles are normalized to 1.
turbulence induced by internal gas sloshing in Abell 2069B. Since HB shows an ultra-
steep spectrum, we suspect that the turbulence has already decayed, leading to a less
efficient re-acceleration (ZuHone et al., 2013). Moreover, there is no further injection
of seed electrons from an active AGN.
5.4 Conclusions on Abell 2069
Abell 2069 is a complex merging galaxy cluster displaying two major X-ray peaks.
In the WSRT 346MHz Legacy Survey we discovered previously unclassified diffuse
radio features, in both galaxy cluster components. In order to classify these sources
we performed a comprehensive follow-up analysis with the GMRT at 322MHz and
608MHz as well as with the LOFAR HBA at 153MHz. We complemented our study
with archival X-ray data observed with the Chandra X-ray telescope.
We decomposed the diffuse radio patch discovered by Farnsworth et al. (2013) at
1.4GHz with our WSRT 346MHz map into a multitude of sources, in particular a
dying radio galaxy, a radio halo with evidence of an ultra-steep spectrum in the main
cluster component, and an ultra-steep spectrum radio mini-halo in the subcluster
component. The measured flux densities and spectral indicies of source G2, the
radio halo and the radio mini-halo in Abell 2069 in this work are listed in in Tab. 5.2.
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The morphological analysis suggests an active merger in the main cluster component
Table 5.2: Flux densities of selected sources in Abell 2069 as measured with the
LOFAR HBA at 153MHz, the WSRT at 346MHz, the GMRT at 322MHz,
and the GMRT at 608MHz.
ID I153MHz I322MHz I346MHz I608MHz α346153 α1400153
[mJy]
HA 128± 25 – 25 . . . 39 – −1.4 . . .− 2.0 –
HB 95± 9 – 15± 2 – −2.2± 0.3 –
G2 185± 19 52± 6 – 16± 1 −1.6± 0.1†
Columns. (2,3,4,5): measured flux density at the indicated frequency measured in this work, (6):
measured flux density by Farnsworth et al. (2013), (7,8): spectral index between the indicated
frequencies measured in this work
†obtained from a power-law fit using all available frequencies
Abell 2069A with signs of relaxation. This is supported by the steep spectrum of the
radio halo, which might indicate a late merger state as predicted from simulations
of the turbulent re-acceleration model by Donnert et al. (2013). The cold front in
the subcluster component B indicates the presence of gas sloshing. Turbulence and
magnetic field amplification in cold sloshing cores could have redistributed and re-
accelerated old cosmic ray electrons provided from a former active phase of an AGN
in B. A minor or off-axis merger in B, irrespective of the interaction between both
cluster parts, may have evoked gas sloshing in B without disrupting its cool core
(Poole et al., 2008), if present. Nevertheless, the dynamical state of the whole galaxy
cluster appears to be rather complex. According to the low peculiar velocity of the
subcluster B with respect to the mean cluster redshift of A, both are potentially
undergoing a merger. It is uncertain, whether the subcluster component is still in
its first encounter or has already passed the core of the main cluster component.
Thus, the interaction of the subcluster with the much more massive main component
might already have induced sufficient energy into the intracluster medium of B to re-
accelerate cosmic ray electrons, subsequently giving rise to the particularly remarkable
radio mini-halo discovered. Signs of a “radio bridge” in the low-density environment
between both cluster components support the idea that part of the energy is dissipated
via turbulence between both galaxy cluster components, leading to an acceleration of
cosmic ray electrons to highly relativistic energies.
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6 Summary and Outlook
In this work we studied diffuse radio emission in ten galaxy clusters at low frequencies
(ν < 1.4GHz). Diffuse radio emission in galaxy clusters, like radio halos, radio relics,
and radio mini-halos, trace highly relativistic electrons in the ICM. With decreasing
observing frequency, we can map the distribution of relativistic electrons at decreasing
energies. Since aging electron populations lose electrons at the higher end of their
energy distribution, observations at very low frequencies allow us to study old electron
populations.
The known sample of diffuse radio sources in galaxy clusters is still small (∼ 100).
For most diffuse radio sources, information is only available 1.4GHz. Since the WSRT
was one of the best suited instruments offering high quality radio observations in the
low frequency regime, we have analyzed the spectrum and the morphology of diffuse
radio emission in ten galaxy clusters in the framework of the WSRT 346MHz Legacy
Survey. We have confirmed the radio relics in Abell 115, Abell 1240, and Abell 2061;
the radio halos in Abell 1758, Abell 2218, Abell 2219, Abell 2254, and Abell 2319;
and classified a former radio relic candidate in RXCJ1053.7+5452 as a radio galaxy.
Furthermore, our analysis of the WSRT 346MHz Legacy Survey data revealed that
the galaxy cluster Abell 2069 shows a richness of previously unknown radio features.
Subsequently, we performed deep radio follow-up observations of Abell 2069 with the
GMRT at 322MHz and 608MHz as well as with the LOFAR HBA at 153MHz. We
complemented our study with Chandra ACIS-I archival data.
The galaxy cluster Abell 2069 is composed of a main cluster component and a much
less massive subcluster component (A2069B). We revealed that both galaxy cluster
components possess diffuse radio emission. The main cluster component shows clear
signs of an ongoing merger and the low peculiar velocity of the subcluster component
with respect to the main cluster component suggests another ongoing merger of both
components.
We observed Abell 2069 with the LOFAR HBA to further investigate the structure
of the radio sources. LOFAR is a novel telescope. It provides high sensitivity at
low frequencies and allows one to vary the resolution over a wide range of angular
scales. The calibration of LOFAR data and the imaging of the telescope’s large FoV
Summary and Outlook
is challenging. In our LOFAR maps the diffuse radio emission in the main cluster
component shows an LLS of about 900 kpc and its brightness distribution is clearly
correlated with the X-ray surface brightness. We classify the diffuse emission in the
cluster’s main component as a radio halo. A steep-spectrum radio galaxy embedded
in the radio halo emission is difficult to separate in our WSRT maps at 346MHz and
therefore causes large uncertainties. We thus estimate the flux density of the radio
halo to be in between 25mJy and 39mJy at 346 MHz. In our LOFAR HBA map we
measure a flux density of 128 ± 25mJy at 153 MHz. This corresponds to a spectral
index of α346153 < −1.4. Thus, the radio halo in the main cluster component may belong
to the small population of ultra-steep spectrum radio halos. Hadronic models can not
explain an ultra-steep spectrum, hence the spectral index of the radio halo in the
main cluster component strongly disfavors a hadronic origin. Re-acceleration models
suggest a late merger state for the main cluster component.
The diffuse radio emission of an LLS of about 450 kpc in the subcluster component
is also mixed with the subcluster’s ICM and is confined within the subcluster’s cold
front. Its flux density amounts to 15±2mJy at 346 MHz and 95±9mJy at 153 MHz,
thus showing an ultra-steep spectrum (α = −2.2 ± 0.3). Due to its small size and
its high radio emissivity, we suggest that this source belongs to the class of radio
mini-halos. The absence of a powerful central AGN in the subcluster is untypical for
a radio mini-halo. The cold front suggests that internal gas sloshing is present in the
subcluster component, which could have led to bulk motions and turbulence in the
ICM. Simulations by ZuHone et al. (2013) show that gas sloshing may redistribute
and re-accelerate the fossil radio plasma from a former AGN phase to cause the
radio emission. Alternatively, we speculate that the interaction of both galaxy cluster
components may have induced turbulence in the ICM or has caused gas sloshing in
the subcluster. Abell 2069 is the second case of a double-halo system, but the first
case in which a single galaxy cluster shows both a radio halo and a radio mini-halo.
Deep radio observations together with X-ray observations are a powerful tool for
shedding light on the intrinsic dynamics of the ICM in galaxy clusters. Our analysis of
the merging galaxy cluster Abell 2069 with the LOFAR HBA shows the outstanding
capabilities of the instrument. It allows us to study old electrons in diffuse structures
in great detail with unprecedented sensitivity. Potentially, more ultra-steep spectrum
low surface brightness radio sources, like the one in Abell 2069B, are still awaiting
discovery. With LOFAR we are able to reveal more of those ultra-steep spectrum
radio sources than it had been possible by present observations at GHz frequencies.
Thus, we are entering a new era of low frequency science which may fundamentally
change our current picture of the origin of synchrotron emission in galaxy clusters.
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